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A b s t r a c t
The r e s e a r c h  i n v e s t i g a t e s  random s o i l  movement a s  s u g g e s t e d  by 
C u l l i n g  (1963)  , c o n c e n t r a t i n g  on t h e  deve lopmen t  of  a t e c h n i q u e  f o r  
t e s t i n g  t h i s  t h e o r y .  The t e c h n i q u e  employed d i s p e n s e s  w i t h  t h e  need  
f o r  c o n t i n u o u s  m o n i t o r i n g  a nd  a v o i d s  t h e  i n h e r e n t  p rob lem s  of  s o i l  
d i s t u r b a n c e  a r i s i n g  from t h e  use  of  s o i l  p r o b e s .  The t h e o r y  assumes  
random and d i f f u s i v e  s o i l  movement l e a d i n g  t o  a d i s t i n c t i v e  p a t t e r n  
of s o i l  d e n s i t i e s ,  t h r o u g h  t i m e ,  a bou t  o b s t a c l e s  of  v a r y i n g  s h a p e s .  
S o l u t i o n s  f o r  c i r c u l a r  and e l l i p t i c a l  c y l i n d r i c a l  o b s t a c l e s  have  
been  c a l c u l a t e d  ( C u l l i n g ,  1 9 8 1 ) .  The e x i s t e n c e  of a s o i l  d e n s i t y  
p a t t e r n  h a s  now b e e n  i n v e s t i g a t e d  f o r  c i r c u l a r  o b s t a c l e s  by 
ex a m in in g  s o i l  f rom a ro u n d  t e l e g r a p h  p o l e s  u s i n g  p h o t o - m ic r o s c o p y  
and image a n a l y s i s  t o  f a c i l i t a t e  r a p i d  c a l c u l a t i o n .
S o i l  s am p les  w e r e  removed i n  b r a s s  t u b e s ,  d r i e d  w i t h  a c e t o n e ,  
i m p r e g n a t e d  w i t h  r e s i n ,  made i n t o  t h i n  s e c t i o n s ,  p h o t o g ra p h e d  a nd  
a n a l y s e d .  From t h e  s o i l i v o i d  r a t i o s  o f  each p i c t u r e  t h e  c h a n g in g  
m i c r o - d e n s i t y  of  s o i l  a r o u n d  a n  o b s t a c l e  can  be d e t e r m i n e d .  R e s u l t s  
i n d i c a t e  s i g n i f i c a n t  v a r i a t i o n s  i n  t h e  d e n s i t y  v a l u e s .  D e t a i l e d  
i n s p e c t i o n  of t h e  t w o - d i m e n s i o n a l  i n f o r m a t i o n  r e v e a l s  t h a t  unde r  
s l o p i n g  s i t e  c o n d i t i o n s  t h e r e  i s  a c o h e r e n t  p a t t e r n  of  s o i l  d e n s i t y  
which r e f l e c t s  t h a t  p r e d i c t e d  by t h e  t h e o r y .  F l a t  s i t e s  a r e  a l s o  
c o n s i s t e n t  i n  t h a t  t h e r e  i s  no i d e n t i f i a b l e  t r e n d  i n  t h e  h o r i z o n t a l  
p l a n e .  The c o n c l u s i o n  c o n s i d e r s  t h e  adequacy  of t h e  r e s e a r c h  
u n d e r t a k e n  t o  e v a l u a t e  t h e  t h e o r y .
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INTRODUCTION
S o i l  c r e e p  i s  a w i d e s p r e a d  geom orph ic  p r o c e s s .  I t  has  been 
em p h a s i z e d  t h a t  i t  i s  an  i m p o r t a n t  d e n u d a t i o n a l  p r o c e s s  (Kojan,  
1 9 6 7 ) .  O th e r  geomorph ic  p r o c e s s e s  t e n d  t o  o p e r a t e  a t  much f a s t e r  
r a t e s  bu t  a r e  of l i m i t e d  e x t e n t  w h i l e  s o i l  c r e e p  i s  slow but  o c c u r s  
w h e r e v e r  t h e r e  i s  a s o i l  c o v e r i n g .  T h e r e f o r e  t h e r e  i s  a need t o  
make m e a s u r e m e n ts  of  i t s  r a t e  of  o p e r a t i o n  i n  t h e  l o n g  t e rm  and t o  
i n v e s t i g a t e  t h e  e x a c t  n a t u r e  of  i t s  movement  ( F i n l a y s o n ,  1 9 8 1 ) .  The 
f o l l o w i n g  c h a p t e r  b e g i n s  by d i s c u s s i n g  t h e  v a r i o u s  mechanisms  which 
have  been  pu t  f o r w a r d  t o  e x p l a i n  s low s o i l  movement .  Ra te  p r o c e s s  
t h e o r y  i s  c o n s i d e r e d  w i t h  r e s p e c t  t o  t h e  d eve lopm en t  of t h e  C u l l i n g  
s t o c h a s t i c  t h e o r y  of  s o i l  c r e e p  ( 1 9 6 3 ) .  P a s t  and  p r e s e n t  d i r e c t  
m e a s u r i n g  t e c h n i q u e s  and  d e v i c e s  a r e  c r i t i c a l l y  r e v i e w e d  w i t h  
p a r t i c u l a r  r e f e r e n c e  t o  t h e i r  a s s u m p t i o n s  and  t h e  d i s a d v a n t a g e s  of  
f o l l o w i n g  such  a l i n e  of  e n q u i r y .  The c h a p t e r  t h e n  c o n c lu d e s  w i t h  a 
summary of t h e  r e s e a r c h  o b j e c t i v e s .
1 .1  T h e o r e t i c a l  B a s i s
The e x i s t e n c e  and n a t u r e  of s o i l  c r e e p  was f i r s t  r e c o g n i z e d  i n  
t h e  19 th  c e n t u r y ,  f rom f i e l d  o b s e r v a t i o n s  o f  o u t c r o p  c u r v a t u r e ,  
p l a n t  r o o t s ,  cu rv e d  t r e e  t r u n k s  and d i s p l a c e m e n t  of man-made 
s t r u c t u r e s  such  as  f e n c e s ,  p o s t s  and  w a l l s .  By t h e  t u r n  of  t h e  
c e n t u r y ,  i n s t e a d  o f  m ere ly  o b s e r v i n g  end r e s u l t s ,  t h e r e  s t a r t e d  a 
more r i g o r o u s  s c i e n t i f i c  e n q u i r y  i n t o  t h e  e x a c t  n a t u r e  and c a u s e s  of  
movement (D av is  and S y n d e r ,  1898 ;  G i l b e r t ,  1 9 0 9 ) .
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Dav i son  (1889)  c o n s i d e r e d  t h a t  e x p a n s i o n  of  s o i l  d u r in g  c y c l e s  
o f  f r e e z e - t h a w ,  s h o u ld  be e x a c t l y  normal  t o  t h e  s u r f a c e  and t h a t  
s u b s e q u e n t  c o n t r a c t i o n  s h o u ld  be e x a c t l y  v e r t i c a l  ( f i g .  1 .1  a ) .  
F o l lo w in g  e x p e r i m e n t a t i o n  w i t h  s l a b s  o f  s t o n e  and h i s  m o n i t o r i n g  o f  
c l i m a t i c  c o n d i t i o n s ,  he found  t h a t  i n  a s o i l  where i c e  n e e d l e s  w e r e  
n o t  p r e s e n t  t h e  e x p a n s i o n  was i n d e e d  a l m o s t  normal t o  t h e  s u r f a c e  
bu t  t h a t  c o h e s i o n  ca u se d  t h e  c o n t r a c t i o n  movement t o  t a k e  a l i n e  
i n t e r m e d i a t e  i n  d i r e c t i o n  b e tw e en  t h e  normal  and t h e  v e r t i c a l  ( f i g .
1 .1  b ) .  The r e s u l t  was a z i g - z a g  movement  which  p roduced  a n e t  
d i s p l a c e m e n t  i n  t h e  s o i l  p a r a l l e l  t o  i t s  s u r f a c e .  D a v i s o n , ^ i b i d ) ,  
n e v e r t h e l e s s ,  d e v e lo p e d  a  s im p l e  model  of p e r p e n d i c u l a r  e x p a n s i o n  
and  v e r t i c a l  c o n t r a c t i o n  w i t h  t h e  t o t a l  down s lo p e  d i s p l a c e m e n t ,  
m easu red  i n  a h o r i z o n t a l  d i r e c t i o n ,  a t  a d e p th  z i n  t h e  s o i l  g i v e n  
by
Œ
C(z)  = k . s i n b .  I M (z ) .d z  (1 ) s i
where C(z)  i s  t h e  h o r i z o n t a l  c r e e p  movement a t  d e p th  z ,  k i s  t h e  
s o i l  e x p a n s i o n  p e r  u n i t  m o i s t u r e  change (assumed t o  be c o n s t a n t ) ,  b 
i s  t h e  s lo p e  g r a d i e n t  a n g l e ,  and M(z) i s  t h e  a c c u m u la t e d  m o i s t u r e  
change i n  t h e  s o i l  a t  d e p th  z .  A p r o f i l e  of  t h e  s o i l  v e l o c i t y  i s  
shown i n  f  i g .  1 .1  c .
Kirkby  (1967)  d e v e l o p e d  a more r e a l i s t i c  model  of s o i l  c r e e p  
based  on t h e  t h e o r y  t h a t  s e a s o n a l  c r e e p  i s  p ro d u ce d  by e x p a n s i o n  and  
c o n t r a c t i o n  c y c l e s .  These o p e r a t e  m a i n ly  a t  r i g h t  a n g l e s  t o  t h e  
s o i l  s u r f a c e  and o c c u r  i n  r e s p o n s e  t o  s o i l  m o i s t u r e  cha nges  o r  t h e  
a c t i o n  of  f r e e z e - t h a w .  He p o i n t e d  ou t  t h a t  D a v i s o n ' s  a n a l y s i s  l e f t  
out  of c o n s i d e r a t i o n  t h e  f o r c e s  which  a r e  t e n d i n g  t o  move t h e  s o i l  
d o w n h i l l .  The on ly  f o r c e  p r e s e n t  wh ich  i s  a b l e  t o  do t h i s  i s  t h e
—  1 4 “
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w e ig h t  of t h e  s o i l  o v e r b u r d e n .  At t h e  s u r f a c e  t h e r e  i s  no 
o v e r b u r d e n  and so t h e  s o i l  c a n n o t  s u f f e r  a n e t  s h e a r ,  even  though  
t h e  amount of movement normal  t o  t h e  s u r f a c e  i s  a t  a maximum. At 
g r e a t e r  d e p th ,  t h e  s o i l  do e s  n o t  expand  o r  c o n t r a c t ,  so t h a t  t h e r e  
can  be no n e t  s h e a r  component  how ever  g r e a t  t h e  o v e r b u r d e n  ( p r o v i d e d  
t h a t  i t  i s  n o t  g r e a t  enough t o  i n i t i a t e  c o n t i n u o u s  c r e e p ) .  In  
be tw een ,  a t  some f i n i t e  d e p t h ,  t h e r e  w i l l  be a zone  of  maximum n e t  
s h e a r  r a t e .
Kirkby  went  on t o  e x p r e s s  h i s  a n a l y s i s  i n  m a t h e m a t i c a l  t e rm s  i n  
o r d e r  t o  show t h e  p h y s i c a l  q u a n t i t i e s  i n v o l v e d  m ore  c l e a r l y .
However , i t  mus t  be e m p h a s i z e d  t h a t  h i s  t h e o r y  o n ly  r e p r e s e n t e d  t h e  
a v e r a g e  b e h a v i o u r  of  t h e  s o i l ,  and i t  was n o t  a s u r p r i s e  when l a r g e  
random v a r i a t i o n s  i n  t h e  r a t e  w e r e  o b t a i n e d  i n  f i e l d  e x p e r i m e n t s .
I n  o r d e r  t o  s i m p l i f y  t h e  t h e o r y ,  a  number of a s s u m p t i o n s  w e r e  made.  
F i r s t l y ,  t h e  a c t i o n  o f  g r a v i t y  was s o l e l y  t h r o u g h  t h e  w e i g h t  of t h e  
o v e r b u r d e n  above  any p o i n t  i n  t h e  s o i l ,  a l t h o u g h  K i rkby  r e c o g n i z e d  
t h a t  t h e r e  wou ld  be random v a r i a t i o n s  a b o u t  mean v a l u e s  i n  bo th  
d i r e c t i o n  and  i n  t h e  v a l u e  i n  t h e  o v e r b u r d e n  p r e s s u r e .  S e c o n d ly ,  
t h e  c y c l i c  f o r c e s  w e r e  a l t e r n a t e l y  e x a c t l y  opposed  i n  d i r e c t i o n ,  and 
i n  each  c a se  t h e  f o r c e  i n c r e a s e d  u n t i l  t h e  s o i l  y i e l d e d .  T h i r d l y ,  
t h e  d i r e c t i o n  o f  movement a t  f a i l u r e  was i n  t h e  d i r e c t i o n  o f  maximum 
s t r e s s  ( i e .  minimum w o r k ) .  Because Kirkby  was d e a l i n g  w i t h  mean 
movement of  s o i l  h i s  t h e o r y  do e s  n o t  a d e q u a t e l y  a c c o u n t  f o r  t h e  
f a c t ,  a s  shown by Kojan (1967)  and  F lem ing  and  J o h n s o n  ( 1 9 7 5 ) ,  t h a t  
s o i l  movement may o c c u r  i n  any d i r e c t i o n ,  a t  l e a s t  i n  t h e  s h o r t  
t e rm ,  and t h a t  a s m a l l  p r o p o r t i o n  may even  move back  up t h e  s l o p e .
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Measurements  w e r e  t a k e n  o v e r  a n i n e  month p e r i o d  by F i n l a y s o n  (1981)  
and from h i s  r e s u l t s  he c o n c lu d e d  t h a t  :
" movement i n  t h e  s o i l  o c c u r s  i n  seeming ly  random 
d i r e c t i o n s  and  . . . l a r g e  t o t a l  movement d o e s  n o t  
n e c e s s a r i l y  imply  a s i m i l a r  l a r g e  s c a l e  down s l o p e  
movement" .
K i r k b y " s  model  l e a d s  t o  a s h e a r  r a t e  which i s  p r o p o r t i o n a l  t o  t h e  
d e v i a t o r  s t r e s s  and  a c c u m u l a t e d  m o i s t u r e  change ( K i r k b y ,  1967 ,  
p . 362)  : -
œ
C(z)  = k . s i n b  . c o s b . J ^ z . M ( z ) . d z  (2 )
The symbols  u s e d  i n  t h e  ab o v e  e q u a t i o n  r e p r e s e n t  t h e  same p a r a m e t e r s  
a s  u sed  i n  t h e  D a v i s o n  e q u a t i o n  ( 1 ) .  A p r o f i l e  of  t h e  s o i l  v e l o c i t y  
r e s u l t i n g  from u s i n g  K i r k b y ' s  model  i s  shown i n  f i g .  1 .1  d .
Subsequen t  t o  D a v i s o n ' s  a n a l y s i s  t h e r e  f o l l o w e d  a p e r i o d  i n  
which b o th  e n g i n e e r s  and  g e o m o r p h o l o g i s t s  w e r e  e ngaged  i n  f i e l d  
i n v e s t i g a t i o n  of  s o i l  c r e e p  a nd  i t  became c l e a r  t h a t  t h e  p r o c e s s  of  
c r e e p  c o u ld  be s u b d i v i d e d  i n t o  two.  T e r z a g h i  (1953)  c a l l e d  t h e s e  
two t y p e s  s k i n  c r e e p  and  m ass  c r e e p .  Sk in  o r  s e a s o n a l  c r e e p  r e f e r s  
t o  movements  o c c u r r i n g  w i t h i n  t h e  zone of s e a s o n a l  v a r i a t i o n s  i n  
t e m p e r a t u r e  and m o i s t u r e .  I t  a l s o  o c c u r s  w i t h i n  t h e  zone of f a u n a l  
and f l o r a l  p e n e t r a t i o n .  The d e p th  of t h i s  zone w i l l  r a r e l y  exceed  
t h r e e  m e t r e s  and  i n  f a c t  i s  o f t e n  much s m a l l e r  t h a n  t h i s ,  p e rh a p s  
l e s s  t h a n  one m e t r e .  Mass o r  c o n t i n u o u s  c r e e p  r e f e r s  t o  a  more 
' d e e p  s e a t e d '  t y p e  of movement.  I t  i s  p r e s e n t  w h e r e v e r  s h e a r i n g  
s t r e s s e s  p roduce  s lo w ly  i n c r e a s i n g  s h e a r  d e f o r m a t i o n s  ev e n  i f  t h e i r  
i n t e n s i t y  i s  c o n s i d e r a b l y  s m a l l e r  t h a n  t h e  s h e a r i n g  r e s i s t a n c e  of 
t h e  m a t e r i a l s  i n v o l v e d .
-  17 -
Another  c l a s s i f i c a t i o n ,  and o n e  f a v o u r e d  i n  t h e  f o l l o w i n g  
r e s e a r c h ,  i s  s u g g e s t e d  by C u l l i n g  ( 1 9 8 1 ) .  He d i v i d e s  t h e  p r o c e s s  of  
s o i l  c r e e p  i n t o  e n g i n e e r i n g  a nd  geo m o rp h ic  c r e e p .  The f u n d am e n ta l  
d i f f e r e n c e  a r i s e s  f rom t h e  n a t u r e  o f  t h e  a c t i v a t i n g  p r o c e s s  which  
e n a b l e s  t h e  s o i l  t o  move :
" S o i l  c r e e p  a s  s t u d i e d  by s o i l  e n g i n e e r s  and  s o i l  c r e e p  a s  
u n d e r s t o o d  by g e o m o r p h o l o g i s t s  a r e  two m a n i f e s t a t i o n s  of  
t h e  same b a s i c  phenomenon.  T r a n s p a r e n t l y  t h e  d i f f e r e n c e  
i s  one of t im e  s c a l e .  More f u n d a m e n t a l l y  t h e  d i f f e r e n c e  
l i e s  i n  t h e  n a t u r e  of  t h e  a c t i v a t i n g  p r o c e s s . "
E n g i n e e r i n g  c r e e p  i s  n o r m a l l y  due t o  t h e  c o n s t a n t  a c t i o n  of  g r a v i t y .  
G r a v i t y  i s  e v e r  p r e s e n t  t h r o u g h o u t  t h e  s o i l  bu t  i t  i s  as sumed t o  
p r e d o m i n a t e  below t h e  d e p th  a t  w h i c h  s e a s o n a l  a g e n c i e s  p r e v a i l .  
E n g i n e e r i n g  c r e e p  i s  t h u s  t y p i c a l l y  c o n t i n u o u s ,  r e g u l a r  and s t r o n g ,  
i n  t h e  r a t e  p r o c e s s  s e n s e ,  and o p e r a t e s  a t  t h e  m o l e c u l a r  l e v e l .
Also  i t  i s  a d e f o r m a t i o n  o r  f lo w  t h a t  i s  u l t i m a t e l y  d e p e n d e n t  upon 
t h e  r u p t u r i n g  o f  c he m ica l  and p h y s i c a l  bo n d in g  b e tw e e n  p a r t i c l e s  i n  
which  bond r e n e w a l  f a i l s  t o  ke e p  pace  w i t h  bond r u p t u r e .  T h e r e  i s  a 
random e lem en t  t o  t h e  s p a t i a l  d i s t r i b u t i o n  of  t h e  making  and  
b r e a k i n g  o f  t h e s e  bonds bu t  m o s t l y  t h e  f a i l u r e  o c c u r s  a l o n g  d e f i n i t e  
s h e a r  p l a n e s  i n  t h e  c r y s t a l l i n e  l a t t i c e .  I n  c o n t r a s t  geomorph ic  
c r e e p  i s  i n t e r m i t t e n t ,  random and i n  m os t  c a s e s  o p e r a t e s  under  t h e  
i n f l u e n c e  of a weak e x t e r n a l  f o r c e  ( g r a v i t y ) .  I t  o p e r a t e s  a t  two 
l e v e l s  -  t h e  m o l e c u l a r  and t h e  p a r t i c u l a t e .  At t h e  fo rm e r  t h e  
making and  b r e a k i n g  o f  bonds a c r o s s  t h e  m i n e r a l  s u r f a c e s ,  a t  t h e  
i n t e r - p a r t i c l e  c o n t a c t ,  i s  r a p i d  and  o p e r a t e s  u n d e r  t h e  i n f l u e n c e  of 
s t r o n g ,  e x t e r n a l  t u r b a t o r y  f o r c e s  ( i e .  f r e e z e - t h a w ,  h y d r a t i o n  
e x p a n s i o n  e t c . ) .  Thus t h e  s h e a r i n g  a t  t h e  i n t e r - p a r t i c l e  c o n t a c t  i s  
a lm o s t  i n s t a n t a n e o u s .  At t h e  p a r t i c l e  l e v e l  t h e  t u r b a t o r y  f o r c e  
a c t s  a s  t h e  i n t e r n a l  v i b r a t i o n  and  t h e  e x t e r n a l  f o r c e  i s  now t h e
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a c c e l e r a t i o n  of g r a v i t y .  The f r e q u e n c y  o f  v i b r a t i o n  i s  low and t h e  
e x t e r n a l  f o r c e  i s  weak.  Consequen t ly  ge om orph ic  c r e e p  i s  a s lo w , 
i n t e r m i t t e n t  p r o c e s s  ( C u l l i n g ,  1983 , p . 2 0 4 ) .
In  t h e  above  d e f i n i t i o n s  C u l l i n g  i s  u s i n g  a n  a l t e r n a t i v e  
s t r a t e g y  f o r  t h e  d e s c r i p t i o n  of  s o i l  c r e e p ,  one which  i s  based  on 
t a k i n g  a r a t e  p r o c e s s  v iew of t h e  way t h a t  p a r t i c l e s  move.  The r a t e  
p r o c e s s  t h e o r y  w i l l  now be b r i e f l y  r e v i e w e d .
1 .2  R a te  P r o c e s s  Theory
The a c t i v a t e d  complex o r  r a t e  p r o c e s s  t h e o r y  of  Henry E y r in g  
c a n  be s e e n  a s  t h e  end p r o d u c t  of  a l i n e  of  i n v e s t i g a t i o n s  i n t o  t h e  
r a t e  of  c h e m ica l  r e a c t i o n s  t h a t  e x t e n d s  b a c k  t o  A r r h e n i u s  a t  t h e  end 
o f  t h e  l a s t  c e n t u r y  ( E y r i n g ,  193 5 b ) .  I n  t h e  l a t e  1 9 5 0 ' s  r a t e  
p r o c e s s  t h e o r y  had been  a p p l i e d  t o  s o i l  c r e e p  ( C u l l i n g ,  p e r s .  comm., 
1984)  b u t  such work d i d  n o t  a p p e a r  i n  t h e  l i t e r a t u r e  u n t i l  t h e  e a r l y  
1 9 6 0 " s .  I n  e n g i n e e r i n g  s t u d i e s  t h e r e  was a r e - d i r e c t i o n  of  
a t t e n t i o n  away from o b s e r v a b l e  phenomena such a s  s t r e n g t h  and 
d e f o r m a t i o n  to w a rd s  a m o l e c u l a r  v iew and r a t e  p r o c e s s  t h e o r y  was 
s e e n  a s  an  a l t e r n a t i v e  a p p ro a c h  t o  t h e  i n t e r p r e t a t i o n  of  r e s u l t s .
R a te  p r o c e s s  t h e o r y  v iew s  t h e  a r r a n g e m e n t  of m a t t e r  ( e . g .  i n  a 
g a s )  a s  t h e  a c t i v e  t r a n s l a t i o n  of  f low u n i t s  f rom t h e i r  i n i t i a l  
e q u i l i b r i u m  p o s i t i o n ,  o v e r  a s a d d l e  r e g i o n  o f  a p o t e n t i a l  s u r f a c e  
( e n e r g y - b a r r i e r ) ,  t o  a new s t a t e .  A f u r t h e r  f a c t o r  which  i s  n o t  
e s s e n t i a l  t o  r a t e  p r o c e s s  t h e o r y  i n  g e n e r a l  bu t  p e r t i n e n t  t o  s o i l  
c r e e p ,  e s p e c i a l l y  ge omorph ic  c r e e p ,  i s  t h e  a v a i l a b i l i t y  of  a v a c a n t  
space  t o  accommodate t h e  d i s s o l u t i o n  of  t h e  a c t i v a t e d  complex .  The 
use of r a t e  p r o c e s s  t h e o r y  in  s o i l  c r e e p  s t u d i e s  was p i o n e e r e d  by 
Mur ay am a and S h i b a t a  ( 1 % 1 ) i n  t h e i r  work on  c l a y s  a nd  d e v e lo p e d
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e x t e n s i v e l y  by M i t c h e l l  e t  a l .  (19 6 8 )  . The whole  s u b j e c t  r e c e i v e s  
d e t a i l e d  t r e a t m e n t  i n  M i t c h e l l  ( 1976,  p . 2 9 2 - 3 0 4 ) .  More r e c e n t l y  
Pusch (1977)  and F e l tham  ( 1 9 7 9 a )  p u t  f o r w a r d  s i n g l e  e n e r g y - b a r r i e r  
r a t e  t h e o r i e s  o f  s o i l  c r e e p .  L a t e r  t hey  c o n c lu d e  t h a t  due t o  t h e  
s t r u c t u r a l  h e t e r o g e n e i t y  of  t h e  s o i l  ( s t r u c t u r a l l y  s e n s i t i v e  
a g g r e g a t e d  c l a y s ) ,  t h e  a s s u m p t i o n  t h a t  t h e  i n t r i n s i c  b a r r i e r s  a r e  
a l l  of t h e  same type  i s  s c a r c e l y  a p p r o p r i a t e  (Pusch  and Fe l tham ,  
1 9 8 0 ) .  Some b a r r i e r s  may become en h a n ce d  due t o  l o c a l  d e c r e a s e s  i n  
t h e  d e v i a t o r i c  s t r e s s  w h i l e  o t h e r s ,  somewhat  do rmant  a t  f i r s t ,  may 
be r e n d e r e d  o p e r a t i v e  t h ro u g h  t h e  c o n v e r s e  p r o c e s s  o f  l o c a l  r i s e s  of  
s t r e s s .  They f e e l  t h a t  :
" An a p p r o p r i a t e  model  must  t h e r e f o r e  t a k e  i n t o  a c c o u n t  
n o t  on ly  t h e  e x i s t e n c e  of  a  d i s t r i b u t i o n  o f  ene rgy  
b a r r i e r s ,  bu t  a l s o  i t s  change  w i t h  t im e  i n  t h e  c o u r s e  of 
t h e  e v o l u t i o n a r y  c r e e p  p r o c e s s " .
C u l l i n g  ( 1 981 ,  p . 180 - 2 3 1 )  g i v e s  a  r e v i e w  of  t h e  use  of r a t e  p r o c e s s  
t h e o r y  i n  s o i l  m ec ha n ic s  w i t h  p a r t i c u l a r  r e f e r e n c e  t o  t h e  work  of  
M i t c h e l l ;  h e  a l s o  d e v e l o p s  a r a t e  p r o c e s s  model  of  geomorph ic  c r e e p  
( p . 233-269)  and  h e  i n c l u d e s  a n  i n  d e p th  h i s t o r i c a l  r ev iew  of t h e  
o r i g i n s  of  r a t e  p r o c e s s  t h e o r y  i n  phy s i c a l  c h e m i s t r y  ( a p p e n d ix  B, p .  368)  
I n  t h e  a p p l i c a t i o n  of  t h e  r a t e  p r o c e s s  t h e o r y  t o  s o i l  c r e e p ,  t h e r e  
a r e  f o u r  b a s i c  r e q u i r e m e n t s  :
1 .  An e v e r - c h a n g i n g ,  i n t e r n a l  ene rgy  f o r c e  whose d i s t r i b u t i o n  i s  
random t h r o u g h o u t  t h e  s o i l s  sy s te m .
2 .  An a c t i v a t i o n  s t a t e  s i t e d  a t  t h e  s a d d l e  p o i n t  (minimum p o t e n t i a l  
t h r e s h o l d ) ,  t h e  p a s s a g e  of which d e t e r m i n e s  t h e  r a t e  of t h e  
p r o c e s s .
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3 .  An e x t e r n a l  f o r c e  ( d o w n - s lo p e  a c c e l e r a t i o n  of  g r a v i t y )  impos ing  
a p r e f e r r e d  d i r e c t i o n  on a n  o t h e r w i s e  random a c t i v i t y .
4 .  A v a i l a b i l i t y  of  s p a c e s  w i t h i n  t h e  s o i l  mass t o  accommodate  t h e  
d i s p l a c e d  p a r t i c l e s .
The b a s i c  e q u a t i o n  f o r  t h e  r a t e  of  t h e  p r o c e s s  a t  t h e  m o l e c u l a r  
l e v e l  :
- E g  f X
V = K T . e  . e^KT (3)
K Tw here  = E y r in g  U n i v e r s a l  F a c t o r  ( f r e q u e n c y  component)
- €
gKT = d i s t r i b u t i o n  o f  t h e  i n t e r n a l  energy
Eq = a c t i v a t i o n  e n e rg y
f X “ e x t e r n a l  f o r c e  which  h a s  t h e  e f f e c t  of i n c r e a s i n g
o r  d e c r e a s i n g  t h e  a c t i v a t i o n  e n e rg y  d e p e n d in g  upon
t h e  d i r e c t i o n
The t h e o r y  was i n i t i a l l y  a p p l i e d  and  d e v e lo p e d  i n  a p h y s i c a l  
c h e m i s t r y  s e t t i n g  t o  d i l u t e  s o l u t i o n s  and  g a s e s .  I n  s o i l  m e c h a n ic a l  
a p p l i c a t i o n s  t h e r e  i s  a need  t o  i n t r o d u c e  an  a d d i t i o n a l  f a c t o r  t o  
r e p r e s e n t  t h e  r e s t r i c t i o n s  imposed by t h e  s o i l  s t r u c t u r e .  The b a s i c  
e q u a t i o n  a t  t h e  p a r t i c l e  l e v e l  wh ich i s  f u n d a m e n ta l  t o  t h e  model  of 
geomorph ic  c r e e p  i s  a s  f o l l o w s  :
= (4)
^o = a c t i v a t i o n  e ne rgy
f = e x t e r n a l  f o r c e
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A = f re q u e n c y
p  = s t a t i s t i c a l  m e c h a n i c a l  q u a n t i t y
S = s t r u c t u r a l  component
We now go on  t o  c o n s i d e r  i n  more  d e t a i l  one of t h e  i n s t a n c e s  i n  
which a s t o c h a s t i c  t h e o r y  of  s o i l  c r e e p  h a s  been  used  i n  t h e  
c o n s t r u c t i o n  o f  a t e s t a b l e  p r e d i c t i o n  o f  s o i l  movement.
1 .3 The S t o c h a s t i c  T heory  o f  S o i l  Creep
C u l l i n g  (1963)  d e v e l o p e d  a n  a l t e r n a t i v e  r a t i o n a l e  t o  t h e  
a n a l y s i s  and  m easu rem en t  of  geom orph ic  s o i l  c r e e p .  He used  a 
s t o c h a s t i c  model  f o r  e x p l a i n i n g  p a r t i c l e  movement.  S o i l  i s  t r e a t e d  
a s  b e in g  a p a r t i c u l a t e  medium, n o t  a con t inuum  and i n  g e n e r a l  a s  an  
a c t i v a t e d  p r o c e s s .  I n i t i a l l y ,  we s h a l l  c o n s i d e r  t h e  s i m p l e s t  ca se  
of s o i l  movement on a  f l a t  s u r f a c e  and t h e n  g r a d u a l l y  b u i l d  on  t h e  
t h e o r y  t o  i n c l u d e  movement on a s l o p i n g  s i t e .
i .  S o i l  movement on a  f l a t  s u r f a c e .
The g e n e r a l  p h y s i c a l  model i s  t h a t  s u g g e s t e d  i n  t h e  1 9 6 0 ' s  
( C u l l i n g ,  1 9 6 3 ) .  The m a j o r  advance  of t h e  work  s i n c e  t h e n  i s  t h e  
use  of a r a t e  p r o c e s s  a p p r o a c h  t o  t h e  movement of s o i l  p a r t i c l e s .  
T h i s  a l l o w s  v a l u e s  t o  be g i v e n  t o  p a r a m e t e r s  w h ich  i n  t h e  o r i g i n a l  
work w e r e  s im p ly  assumed,  such a s  t h e  d i f f u s i o n  c o e f f i c i e n t .  In  t h e  
s i m p l e s t  c a s e ,  we f i n d  t h a t  t h e  f o u r  b a s i c  component s  r e q u i r e d  o f  a 
r a t e  p r o c e s s  a p p r o a c h  a r e  p r e s e n t  t o  some d e g r e e .  The t h i r d  one ,  
t h e  e x t e r n a l  f o r c e  ( g r a v i t y ) ,  has  a minimum a f f e c t  on t h e  d i r e c t i o n  
o f  movement.  The s o i l  sys tem i s  v iew ed  a s  f o l l o w s  :
-  22 -
1 .  S o i l  p a r t i c l e s  a r e  s u b j e c t e d  t o  i n t e r m i t t e n t  and i n d e p e n d e n t  
f o r c e s  ( g e o m o r p h i c ) .
2 .  I t  i s  assumed t h a t  t h e s e  f o r c e s  a r e  randomly  o r i e n t a t e d  and  
t h e i r  m agn i tude  i s  s y m m e t r i c a l l y  d i s t r i b u t e d .
3 .  The f o r c e s  a r e  t e n d i n g  t o  d i s p l a c e  p a r t i c l e s  bu t  t h i s  i s  
r e s i s t e d  i n  t h e  m a j o r i t y  of  c a s e s  by n e i g h b o u r i n g  p a r t i c l e s  
p r e v e n t i n g  them from m oving .
4 .  The number of  v o i d s  i s  a ssumed t o  be u n i f o r m l y  and i s o t r o p i c a l ly  
d i s t r i b u t e d  w i t h  r e s p e c t  t o  any one p a r t i c l e .  The movement of 
p a r t i c l e s  i s  a s s i s t e d  by t h e  o c c u r r e n c e  of  t h e s e  v o i d s  and  t h i s  
i n t r o d u c e s  a n o t h e r  random component  on t h e  movement.
5 .  The m e c h a n ic a l  e n e rg y  t r a n s m i t t e d  a c r o s s  t h e  i n t e r - p a r t i c l e  
b o u n d a r i e s  i s  u s u a l l y  i n t e r m i t t e n t  and  o f  low f r e q u e n c y .  ( T h i s  
i s  i n  c o m p a r i s o n  t o  e n g i n e e r i n g  c r e e p  when t h e  f o r c e  i s  
p e r s i s t e n t ) .
6 .  The p r o b a b i l i t y  of  a p a r t i c l e  moving s u c c e s s f u l l y  i s  e q u a l  in  
a l l  d i r e c t i o n s .
7 .  The p a r t i c l e  movements  a r e  i n d e p e n d e n t  and  e x e c u t e  random w a l k s .
Fo l lo w in g  from t h e  l a s t  p o i n t ,  i t  can  be s e e n  t h a t  t h e  m a c r o s c o p i c
s o i l  movement b e h a v e s  i n  a d i f f u s i v e  f a s h i o n  and  w i t h  t h e  c o n s t a n t
m ix ing  t h e  s o i l  d e n s i t y  becomes homogeneous and  i s o t r o p i c a l  ly
d i s t r i b u t e d  t h r o u g h o u t  t h e  sy s te m .
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i i .  S o i l  movement on a s l o p i n g  s i t e .
The same b a s i c  c o n d i t i o n s ,  a s  o u t l i n e d  f o r  a f l a t  s i t e ,  ap p ly  
on s l o p i n g  g ro u n d .  The f u n d a m e n t a l  d i f f e r e n c e  i s  t h a t  t h e  e x t e r n a l  
f o r c e  of g r a v i t y  now h a s  a  d i r e c t e d  i n f l u e n c e  by r e d u c i n g  t h e  amount 
of energy  r e q u i r e d  f o r  movement i n  t h e  down s l o p e  d i r e c t i o n  ( f i g .
1 . 2 ) .  On a f l a t  s i t e  a p a r t i c l e  needs  t o  have  enough en e rg y  (A t o  
Emax) t o  move o v e r  a t h r e s h o l d  t o  a new p o s i t i o n  (B) . T h i s  can be 
e n v i s a g e d  a s  a p a r t i c l e s  h a v i n g  s u f f i c i e n t  e n e rg y  t o  su rm ount  a 
b a r r i e r  p r o d u c e d  by a d j a c e n t  p a r t i c l e s  moving  p a s t  them i n t o  a v o i d ,  
coming t o  r e s t  a t  a n  e n e r g y  l e v e l  s i m i l a r  t o  t h a t  a t  w h ic h  movement 
commenced (B) . On a  s l o p i n g  s i t e  l e s s  e n e r g y  i s  r e q u i r e d  t o  move a 
p a r t i c l e  p a s t  a n o t h e r  (A'  t o  Emax).  Moreover  t h e  e n e r g y  l e v e l ,  a t  
wh ich  t h e  p a r t i c l e  comes t o  r e s t ,  i s  now lower t h a n  when i t  s t a r t e d  
t o  move ( B " ) . G r a v i t y  i s  a p e r s i s t e n t ,  u b i q u i t o u s  and  weak f o r c e  
which  h a s  t h e  e f f e c t  of  l o w e r i n g  t h e  t h r e s h o l d  f o r  movement  i n  a 
down-s lo pe  d i r e c t i o n .  T h e r e f o r e ,  s u p e r im p o s e d  on  t h e  random, 
d i f f u s i v e  s o i l  movement t h e r e  i s  a u n i - d i r e c t i o n a l  d r i f t  i n  t h e  down- 
s lo p e  d i r e c t i o n .
i i i .  I n t r o d u c t i o n  of  a b a r r i e r  i n t o  t h e  s o i l .
We s h a l l  now c o n s i d e r  t h e  e f f e c t  of p l a c i n g  a b a r r i e r ,  
v e r t i c a l l y  down i n t o  t h e  s o i l .  I n  a f l a t  s i t u a t i o n  t h e r e  i s  an  
e q u a l  p r o b a b i l i t y  of movement o c c u r r i n g  i n  any d i r e c t i o n .  A b a r r i e r  
w i l l  have  a r e f l e c t i v e  e f f e c t  w i t h  p a r t i c l e s  h i t t i n g  i t  and  randomly  
r e b o u n d i n g  i n  a l l  a v a i l a b l e  d i r e c t i o n s .  The s o i l  d e n s i t y  n e a r  t h e  
b a r r i e r  w i l l  t h e r e f o r e  be random and i s o t r o p i c  a nd  ha v e  no 
s y s t e m a t i c  p a t t e r n i n g .  I f  a b a r r i e r  was p l a c e d  v e r t i c a l l y  down and 
a t  r i g h t  a n g l e s  t o  t h e  d r i f t  i n  a s l o p i n g  s y s t e m ,  w i t h  t im e  t h e  
d r i f t  w i l l  c a u s e  s o i l  t o  move down s l o p e  u n t i l  f u r t h e r  movement i s
— 24 —
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r e s t r i c t e d  on r e a c h i n g  t h e  b a r r i e r .  At t h i s  p o i n t  t h e r e  a r e  f o u r  
p o s s i b i l i t i e s .  I f  t h e  s o i l  s upp ly  i s  f i n i t e  t h e n  f o r  a f i n i t e  
b a r r i e r  t h e  e n t i r e  so u rc e  m a t e r i a l  w i l l  e v e n t u a l l y  s l i p  p a s t  t h e  
b a r r i e r .  I f  t h e  b a r r i e r  i s  assumed i n f i n i t e  t h e  s o u r c e  m a t e r i a l  
w i l l  p i l e  up a g a i n s t  t h e  b a r r i e r  where  t h e  c o u n t e r  e f f e c t  of 
d i f f u s i o n  w i l l  p roduce  an  ' a t m o s p h e r i c  l a y e r i n g ' .  On t h e  o t h e r  hand 
i f  t h e  s o u r c e  i s  c o n t i n u o u s  t h e n  a g a i n s t  an  i n f i n i t e  b a r r i e r  t h e r e  
can be no s t e a d y  s o l u t i o n  bu t  i f  t h e  b a r r i e r  i s  f i n i t e ,  a s  i s  t h e  
case  f o r  a c y l i n d r i c a l  o b s t a c l e ,  t h e  p o s s i b i l i t y  e x i s t s  o f  a s t e a d y  
s t a t e  s o l u t i o n  d i s t r i b u t i o n  o f  t h e  s o i l  p a r t i c l e s .
T h i s  can  be e x e m p l i f i e d  by u s i n g  f i n i t e  s o u r c e  s o l u t i o n s  
( C u l l i n g ,  1981 p .  2 7 5 ) .
" T h i s  m ethod  c o n s i s t s  o f  t h e  i n t r o d u c t i o n  o f  a  f i n i t e  
q u a n t i t y  of  r e c o g n i s a b l e  p a r t i c l e s  i n t o  t h e  s o i l  a g g r e g a t e  
and o b s e r v i n g  s u b s e q u e n t  b e h a v i o u r " .
At p o i n t  A ( f i g .  1 . 3 )  t h e r e  i s  t h e  i n t r o d u c t i o n  of  a f i n i t e  sou rc e  
of r e c o g n i s a b l e  p a r t i c l e s  i n t o  t h e  s o i l  sy s te m .  At B t h e  d i f f u s i v e  
n a t u r e  of t h e  s o i l  movement i s  s t a r t i n g  t o  d i s p e r s e  t h e  p a r t i c l e s  
f rom t h e i r  p o i n t  of  i n t r o d u c t i o n .  At C t h e  d r i f t  down s l o p e ,  caused  
f rcm t h e  e x t e r n a l  f o r c e s ,  i s  d o m in a t i n g  t h e  p r o c e s s .  F i n a l l y  a t  t h e  
b a r r i e r  (D) movement i s  h a l t e d  and  e v e n t u a l l y  an  e q u i l i b r i u m  
d i s t r i b u t i o n ,  i f  i t  e x i s t s ,  t h e n  comes i n t o  b e i n g .
One n e x t  s t e p  on from i n t r o d u c i n g  a b a r r i e r  of  i n f i n i t e  
d i m e n s io n s  i s  t o  c o n s i d e r  a b a r r i e r  of l i m i t e d  s i z e ,  f o r  example a 
c i r c u l a r  c y l i n d r i c a l  o b s t a c l e  such a s  a t e l e g r a p h  p o s t .  I t  i s  
assumed t h a t  s o i l  movement i n  p a r t  A, B, and C of  t h e  d iag ram  i s  
s i m i l a r  t o  t h a t  m e n t io n e d  p r e v i o u s l y .  The m a jo r  d i f f e r e n c e  i s  i n  
t h e  s o i l  movement n e a r  t o  t h e  p o s t .  The p o s t  w i l l  s t i l l  have  a
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r e f l e c t i v e  e f f e c t  but  now p a r t i c l e s  w i l l  be a b l e  t o  e s c a p e  t o  t h e  
down s l o p e  s id e  of t h e  p o s t .  Now i f  i n s t e a d  o f  a  f i n i t e  sou rc e  of 
r e c o g n i s a b l e  p a r t i c l e s ,  t h e  s u p p ly  of  p a r t i c l e s  w e r e  c o n t i n u o u s ,  a s  
i s  more  l i k e l y  i n  n a t u r a l  s e t t i n g s ,  t h e r e  e x i s t s  t h e  p o s s i b i l i t y  
t h a t  an  e q u i l i b r i u m  or  s t e a d y  s t a t e  d i s t r i b u t i o n  o f  s o i l  p a r t i c l e s  
w i l l  d e v e l o p  a r o u n d  t h e  p o s t .  C u l l i n g  h a s  c a l c u l a t e d  t h e  s t e a d y  
s t a t e  d i s t r i b u t i o n  f o r  a c i r c u l a r  p o s t  s i t u a t e d  i n  a s o i l  sys tem 
which  i s  s u b j e c t  t o  u n i - d i r e c t i o n a l  d r i f t  s u p e r i m p o s e d  upon a 
d i f f u s i v e  t y p e  of  movement ( f i g .  1 . 4 ) .  The e q u a t i o n  f o r  t h e  s t e a d y  
s t a t e  s o l u t i o n  i s  o u t l i n e d  i n  a p p e n d i x  C. He h a s  a l s o  c a l c u l a t e d  a 
s i m i l a r  s o l u t i o n  f o r  an e l l i p t i c a l ,  c y l i n d r i c a l  b a r r i e r  ( C u l l i n g ,  
1983 , p . 2 1 7 ) .  T h i s  h a s  t h e  a d v a n t a g e  of  c o v e r i n g  a l m o s t  any shape 
t h a t  o c c u r s  i n  n a t u r e  f rom a r e c t a n g l e  t o  a p a r a b o l a .  T h i s  r e s e a r c h  
i s  f o c u s e d  on  t h e  s i m p l e s t  s o l u t i o n ,  t h a t  i s  t h e  s t e a d y  s t a t e  
d e n s i t y  p a t t e r n  a r o u n d  a c i r c u l a r  c y l i n d r i c a l  o b s t a c l e .
The obi  e c t i v e  of  t h i s  r e s e a r c h  i s  t o  i n v e s t i g a t e  t h e  e x i s t e n c e  
or  o t h e r w i s e  of  t h i s  p a t t e r n  and  t h e  w ork  h a s  f o c u s e d  on  geomorphic  
c r e e p  w h ich  o c c u r s  a t  o r  n e a r  t h e  s u r f a c e  b e c a u s e  of  i t s  
i n t e r m i t t e n t  h a b i t  i t  p r o d u c e s  f a r  s lo w e r  o v e r a l l  r a t e s  t h a n  t h e  
e n g i n e e r i n g  e q u i v a l e n t .  A t y p i c a l  v a l u e  from t h e  e n g i n e e r i n g  p o i n t  
of view i s  m e a s u r e d  i n  cm /ye a r  (Chowdhury,  197 8 p . 302)  w he re as  
v a l u e s  f o r  geomorph ic  c r e e p  a r e  u s u a l l y  of  t h e  o r d e r  of  mm/year 
(Young, 1972 p . 5 )  . I t  soon became obv io u s  t h a t  i t  i s  n o t  
p r a c t i c a b l e  t o  i n t r o d u c e  a q u a n t i t y  of  marked p a r t i c l e s ,  s e l e c t e d  t o  
s i m u l a t e  t h e  w h o le  or  p a r t  of t h e  s o i l  a g g r e g a t e ,  i n  o r d e r  t o  
p r o v id e  a m e a s u r e  of  t h e  d r i f t  and  d i f f u s i o n  c o e f f i c i e n t s .  The 
p rob lem w i t h  t h i s  l i n e  of  e n q u i r y  i s  one of  t h e  t im e  r e q u i r e d  
be tw een  i n t r o d u c t i o n  of  t h e  p a r t i c l e s  and a c h i e v i n g  a n  e q u i l i b r i u m  
s t a t e .  I t  was d e c i d e d  t h e r e f o r e  t o  use p r e - e x i s t i n g  d a t a b l e  s i t e s
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where an  e q u i l i b r i u m  s t a t e ,  i f  t h e r e  i s  o n e ,  would a l r e a d y  e x i s t .  
P r e s e n t  t e c h n i q u e s  f o r  m e a s u r in g  s o i l  c r e e p  a r e  now e v a l u a t e d  t o  
a s s e s s  t h e i r  p o t e n t i a l  use i n  t h i s  e n q u i r y .
1 .4  M o n i t o r in g  S o i l  Creep
Since  s o i l  c r e e p  was f i r s t  r e c o g n i z e d  i n  t h e  1 9 th  c e n t u r y  t h e r e  
h a s  been  a need t o  m o n i t o r  s o i l  movement i n  t h e  f i e l d  t o  a c q u i r e  
some d a t a  t o  t e s t  t h e  m o d e l s .  T h e r e  a r e  numerous f i e l d  
i n v e s t i g a t i o n s  w h ich  have  done j u s t  t h i s ,  and many p a p e r s  a r e  i n  
p r i n t  summ ariz ing  t h e  m ain  t e c h n i q u e s  employed i n  f i e l d  and 
l a b o r a t o r y  i n v e s t i g a t i o n  of  s o i l  c r e e p  ( S e l b y ,  1966 ;  S t a th a m ,  1981;  
Young, 1 9 7 4 ) .  T h e r e  a r e  many d i f f e r e n t  c r i t e r i a  u s e d  t o  c l a s s i f y  
t h e  t e c h n i q u e s  such  a s  s h o r t  or  l o n g  t e r m ,  or  a c c u r a c y  (A nderson  and  
F i n l a y s o n ,  1 9 7 5 ) .  Auze t  ( 1 9 8 2 ) ,  i n  h e r  c o m p re h en s iv e  b i b l i o g r a p h y  
c a l l e d  ^Measurement  of C r e e p ^ ,  d i v i d e d  t h e  m ethods  up i n t o  t h o s e  
which  e n a b l e  c r e e p  t o  be m e a s u r e d  d i r e c t l y  and t h o s e  which  m ea su re  
c r e e p  i n d i r e c t l y .  Owing t o  t h e  e x t e n s i v e  l i t e r a t u r e  r e v i e w s ,  t h e  
f o l l o w i n g  re sum e  h a s  be e n  k e p t  b r i e f ,  and i s  d i v i d e d  i n t o  two main 
s e c t i o n s ;  q u a l i t a t i v e  and  q u a n t i t a t i v e  methods  o f  m o n i t o r i n g  s o i l  
c r e e p .
i .  Q u a l i t a t i v e .
Q u a l i t a t i v e  s u rvey  and f i e l d  e v id e n c e  such a s  o u t c r o p  
c u r v a t u r e ,  p l a n t  r o o t s ,  cu rv e d  t r e e  t r u n k s  and  d i s p l a c e d  man-made 
s t r u c t u r e s  w e re  i n i t i a l l y  used  t o  r e c o g n i s e  t h e  e x i s t e n c e  of s o i l  
c r e e p  (Thomsom, 1877;  K ee p in g ,  187 8; C o p p i n g e r ,  1881;  K e r r ,  1881;  
D a v i son ,  1889;  G o t z i n g e r ,  1 9 0 7 ) .  A c o m p re h en s iv e  q u a l i t a t i v e  
su rve y  of some of  t h e s e  c a u s e s  i s  d e t a i l e d  i n  Sha rpe  ( 1 9 3 8 ) .
Statham ( 1977) e m p h a s i z e s  t h e  p o i n t  t h a t  t h e  v a l i d i t y  of q u a l i t a t i v e
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e v id e n c e  f o r  s o i l  c r e e p  h a s  been s e v e r e l y  q u e s t i o n e d  i n  r e c e n t  
y e a r s .  P h ipps  (1974)  found no e v i d e n c e  t o  s u g g e s t  t h a t  t r e e  
c u r v a t u r e  was due t o  s o i l  c r e e p .  T r e e s  s u b j e c t e d  t o  s t e a d y  t i l t i n g  
s h o u l d  fo rm  a c o n s t a n t  cu rve  from g round  l e v e l  t o  canopy .  A l l  too  
f r e q u e n t l y ,  Ph ipps  found  c u r v a t u r e  a p p r o x i m a t i n g  t o  a s i n g l e  bend 
c l o s e  t o  ground  l e v e l ,  w i t h  t r e e s  b e n d i n g  i n  d i f f e r e n t  ways bu t  on 
t h e  same s l o p e .  D i s p la c e m e n t  of  man-made o b j e c t s  a r e  undoubted  
p r o o f  of  l o c a l  s o i l  movement, bu t  s h o u l d  n o t  be used  a s  e v id e n c e  f o r  
more w i d e s p r e a d  movement.  Bedrock  c u r v a t u r e  b e n e a t h  a s o i l  i s  
p r o b a b l y  a m a n i f e s t a t i o n  of  s o i l  c r e e p ,  p r o v i d e d  t h a t  t h e  c u r v a t u r e  
i n c r e a s e s  s t e a d i l y  to wards  b e d r o c k - s o i l  i n t e r f a c e
i i .  Q u a n t i t a t i v e .
Q u a n t i t a t i v e  e v i d e n c e ,  f o r  s o i l  c r e e p ,  a p p e a r s  i n  most  of t h e  
modern l i t e r a t u r e  but  v e r y  o f t e n  t h e  l i m i t s  imposed  by a c c u r a c y  and 
s o i l  d i s t u r b a n c e ,  due t o  t h e  i n s t a l l a t i o n  o f  m e a s u r in g  d e v i c e s ,  a r e  
no t  f u l l y  r e c o g n i z e d .
( a )  S u r f a c e  and s u b - s u r f a c e  methods
One of t h e  s i m p l e s t  methods  i s  t o  p l a c e  i d e n t i f i a b l e  m a r k e r s  on 
t h e  s o i l  s u r f a c e ,  and r e t u r n  a f t e r  a known t im e  i n t e r v a l  t o  m e a s u r e  
t h e  m ag n i tu d e  and  d i r e c t i o n  of  any d i s p l a c e m e n t .  F l u o r e s c e n t  sand  
and  c o l o u r e d  and m a g n e t i s e d  s t o n e s  a r e  examples  o f  t h e  k i n d  of  
m a r k e r s  t h a t  can  be used  (D a v i s o n ,  1889;  S e l b y ,  196 8;  Young and  
H o l t ,  1 9 6 8 ) .  The main  problem w i t h  t h i s  t e c h n i q u e  i s  knowing which  
p r o c e s s ,  f o r  example s o i l  c r e e p ,  s u r f a c e  wash o r  hum an /an im al  
i n t e r f e r e n c e ,  i s  c a u s i n g  t h e  d i s p l a c e m e n t  of t h e  m a r k e r s .  I t  i s  
p e r h a p s  more s u i t e d  t o  t h e  m o n i t o r i n g  of  s c r e e  r a t h e r  t h a n  s o i l .
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A s l i g h t l y  more advanced  method  i n v o l v e s  d r i v i n g  s t a k e s ,  p i n s  
o r  dowels  v e r t i c a l l y  down i n t o  t h e  s o i l  ( a p p r o x i m a t e l y  0-20  c m s) .  
The t o p  o f  t h e  o b j e c t s  u sed  a r e  a l i g n e d  w i t h  a s t r i n g  o r  t h e o d o l i t e  
and  s u b s e q u e n t  d e v i a t i o n s  from t h i s  l i n e  a r e  t h e n  m easu red  and 
a t t r i b u t e d  t o  down s lo p e  c r e e p  (Washburn,  I 9 6 0 ;  Young, 1960,  1963; 
Schumm, 1964;  L e o p o l d  e t  a l . , 1 9 6 6 ) .  L i m i t a t i o n s  a r i s e  f rom t h i s  
method b e c a u s e  t h e  s u r f a c e  may move a t  a f a s t e r  r a t e  t h a n  t h e  lower 
l a y e r s .  The t o p s  of  t h e  s t a k e s  w i l l  t h e n  be t i l t e d  down s lo p e  and 
t h e  w ho le  l i n e  of  m a r k e r s  i s  s u s c e p t i b l e  t o  movement .  They can  be 
l o c a t e d  by t r i a n g u l a t i o n  w i t h  a t h e o d o l i t e  i f  b e d r o c k  i s  p r e s e n t  on 
a n e a rb y  s l o p e .  When t h e  a n n u a l  movement i s  s m a l l ,  t h e  e r r o r  of 
l o c a t i o n  i s  o f t e n  g r e a t e r  t h a n  t h e  amount of  movement.
O the r  more  s o p h i s t i c a t e d  s u r f a c e  d e v i c e s  ha v e  been t r i e d  o u t ,  
w i t h  v a r y i n g  d e g r e e s  o f  s u c c e s s .  K i rkby  (1967)  d e v e l o p e d  a m e ta l  
T -peg  f o r  m e a s u r i n g  s o i l  c r e e p .  The t i l t  of  t h e  r o d ,  ca use d  by s o i l  
movement,  i s  d e t e c t e d  by u s i n g  a s p e c i a l l y  c o n s t r u c t e d  s p i r i t  l e v e l ,  
mounted on t o  t h e  c y l i n d e r .  The c h i e f  a d v a n ta g e  of  t h i s  method ,  i s  
t h e  a b i l i t y  t o  t a k e  f r e q u e n t  and s e n s i t i v e  m ea s u rem e n ts  ( t o  
a p p r o x i m a t e l y  0 . 0 0 5  mm.) ,  w i t h o u t  d i s t u r b i n g  t h e  i n s t r u m e n t  w h i l e  i t  
i s  i n  t h e  g round .  The d i s a d v a n t a g e s  a r e  s i m i l a r  t o  t h o s e  m e n t io n e d  
i n  c o n n e c t i o n  w i t h  s u r f a c e  s t a k e s  and  s i n c e  t h e y  a r e  e xposed ,  they  
c a n  e a s i l y  be d i s t u r b e d  by w e a t h e r  c o n d i t i o n s  n e a r  t h e  ground and  by 
a n i m a l s .  Kirkby  p l a c e d  one of h i s  T -pegs  i n t o  a l a b o r a t o r y  b l o c k  of  
s o i l  and f o u n d  t h a t  a f t e r  a s e r i e s  of  w e t t i n g  and  d r y i n g ,  t h e  t i l t  
of t h e  T-peg  was t o o  low by a f a c t o r  of  f i v e ,  showing t h a t  t h e  s o i l  
had moved, a p p r e c i a b l y ,  r e l a t i v e l y  t o  t h e  peg.  T h e r e f o r e ,  t h i s  
d e v i c e  i s  r e l i a b l e  on ly  f o r  m e a s u r i n g  r e l a t i v e  movement t o  compare 
s h o r t  p e r i o d s  w i t h  one a n o t h e r  and n o t  f o r  long  t e r m  m e a s u r e m e n ts .
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( b )  Methods t o  m o n i t o r  movement  w i t h  depth
I t  i s  f a r  more d e s i r a b l e  t o  o b t a i n  r a t e s  a t  s e v e r a l  d e p th s  
r a t h e r  t h a n  o n l y  a t  t h e  s u r f a c e .  Young (1960; 1963) d e v i s e d  a
method,  now r e f e r e d  t o  a s  t h e  'Young P i t ' ,  t h a t  h a s  been  e x t e n s i v e l y  
used  i n  t e m p e r a t e  e n v i r o n m e n t s  (K i rk b y ,  1967) ;  t r o p i c a l  
e n v i r o n m e n t s  ( E y l e s  and Ho, 1970;  Lewis ,  1974) and  t u n d r a  l o c a t i o n s  
(Dedkov and Duglav ,  1967;  Owens, 1 9 6 9 ) .  I t  i n v o l v e s  t h e  e x c a v a t i o n  
o f  a p i t  o r  t r e n c h ,  down t o  t h e  b e d ro c k ,  normal  t o  t h e  s l o p e .  
R e f e re n c e  pegs a r e  i n s t a l l e d  i n  t h e  r o c k ,  a t  t h e  bot tom of  t h e  h o l e ,  
and i n t o  t h e  v e r t i c a l  s o i l  f a c e .  The s i t e  can t h e n  be c a r e f u l l y  
b a c k - f i l l e d  w i t h  t h e  i n t e n t i o n  of  r e - e x c a v a t i n g  t h e  p i t  a t  a l a t e r  
d a t e  t o  o b s e r v e  t h e  p o s i t i o n  o f  t h e  pegs i n  t h e  s o i l  f a c e .  The main  
d i s a d v a n t a g e  of  t h i s  m e thod  i s  t h e  immense amount of d i s t u r b a n c e  
t h a t  i s  ca u se d  t o  t h e  s o i l  sys tem  d u r i n g  t h e  e x c a v a t i o n  and 
r e - e x c a v a t i o n  of  t h e  p i t .  T h e r e  i s  a l s o  a g r e a t e r  t e n d e n c y  f o r  
w a t e r  t o  c o n c e n t r a t e  and s e e p  down t h e  s i d e s  of  t h e  p i t  compared 
w i t h  t h e  r e s t  of t h e  s u r r o u n d i n g  s o i l .  A f t e r  t h e  p i t  h a s  been  
r e - e x c a v a t e d  i t  may be r e - f i l l e d  f o r  f u t u r e  m o n i t o r i n g .  Kirkby  
(1967)  c o n c lu d e d  t h a t  each  i n s t a l l a t i o n  of a 'Young P i t '  i s  r e a l l y  a 
one o f f  method .
B r i c k s  (Zaruba  and M e n d ,  1969)  and cones  ( S e l b y ,  1 9 6 8 ) ,  and 
co lumnar  p i l l a r s  and  t u b e s  have  been u t i l i z e d  t o  m o n i t o r  s o i l  c r e e p  
a t  v a r y i n g  d e p t h s .  Hollow o b j e c t s  a r e  i n s t a l l e d  v e r t i c a l l y  down 
i n t o  t h e  s o i l  and c a n  be l e f t  empty (K o jan ,  1967;  Owen, 196 9) o r  
f i l l e d  w i t h  a v a r i e t y  of s u b s t a n c e s  r a n g i n g  from s im p le  p l a s t i c  
p e l l e t s  (Rudberg ,  1 9 5 8 ) ;  g l a s s  beads (Schumm, 1 9 6 4 ) ;  c o l o u r e d  sand  
(H a d le y ,  1 9 6 7 ) ;  e v e n  q u i c k  s e t t i n g  cement  or  p l a s t e r  ( ' C a s s i d y ' s  
t u b e s ' ,  Anderson  and  F i n l a y s o n ,  197 5) and w h i t e  m o d e l l i n g  c l a y
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( E v e r e t t ,  1963)  t o  h i g h l y  s o p h i s t i c a t e d  s t r a i n  gauges  (W i l l i a m s ,
1957 ; T r u e s d a l e  and Schwab, 1 9 6 8 ) ;  SGI ro d  i n c l i n o m e t e r s  
( K a l l s t e n i u s  and B e r g a u ,  1961 ) ;  and t i l t  m e t e r s  (F le m in g  and 
J o h n s o n ,  1 97 5 ) .  The i n c l i n a t i o n  of  f l e x i b l e  t u b e s  i n  t h e  s o i l  can 
be m ea s u red  by t h e  a n g l e  of an e l l i p s e  e t c h e d  o n t o  a g l a s s  c y l i n d e r  
by h y d r o f l u o r i c  a c i d  (Dury,  1966)  o r  by t h e  s e t t i n g  o f  h e a t e d  
p a r a f f i n  wax ( A nde rson  and  F i n l a y s o n ,  1 9 7 5 ) .  The d i s a d v a n t a g e s  of 
t h e s e  methods a r e  s i m i l a r  t o  t h o s e  of 'Young P i t s '  , t h a t  i s  t h e  
d i s t u r b a n c e  of t h e  s o i l  d u r i n g  i n s t a l l a t i o n  and a t  a l a t e r  d a t e  when 
i t  i s  n e c e s s a r y  t o  remove s o i l ,  f rom a round  t h e  d e v ic e  u s e d ,  t o  
e n a b l e  o b s e r v a t i o n  of  any movement.  I t  i s  a l s o  assumed t h a t  t u b e s  
a r e  i n f i n i t e l y  f l e x i b l e .  I f  t h i s  i s  n o t  t h e  c a se  t h e n  a slow moving 
h o r i z o n  s i t u a t e d  b e tw e en  two f a s t e r  moving on e s  wou ld  be i g n o r e d  
b e c a u s e  of  t h e  t e n d e n c y  t o  a v e r a g e  t h e  movement o u t .  In  t h e  ca se  of 
t h e  s t r a i n  g a u g e s ,  t h e r e  i s  t h e  a d d i t i o n a l  prob lem of t h e  
s u b s t a n t i a l  c o s t  w i t h  some m o d e l s ,  f o r  example ,  t h e  W h e a t s tone  
B r id g e  and c o n s t r u c t i o n  of  p r o b e s  c o s t s  a p p r o x i m a t e l y  $1000.  Some 
i n e x p e n s i v e  s t r a i n  gauges  have  been  used  q u i t e  s u c c e s s f u l l y  
( M e r c i e r ,  1982;  M e r c i e r  and G e i s s e r t ,  1982 ) b u t  f u r t h e r  f i e l d  
r e s u l t s  a r e  r e q u i r e d  b e f o r e  a n  a c c u r a t e  a s s e s s m e n t  can be made of 
t h e  t e c h n i q u e .  E v e r e t t  (1963)  made use of l i n e a r  m o t i o n  
t r a n s d u c e r s .  The t r a n s d u c e r  h a s  t o  be f i x e d  r e l a t i v e l y  t o  t h e  
s u r r o u n d i n g  s o i l ,  so t h i s  r e q u i r e s  d r i l l i n g  o f  t h e  b e d ro c k .  Other  
drawbacks a r e  t h a t  on ly  s u r f a c e  movement a t  a p o i n t  i s  m easu red  and 
t h e  arm c o n n e c t i n g  t h e  t r a n s d u c e r  t o  t h e  p l a t e  on t h e  s u r f a c e  of t h e  
g round ,  may be a f f e c t e d  by wind movements .
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F i n a l l y  t h e r e  i s  t h e  p o s s i b i l i t y  of u s in g  r a d i o a c t i v e  t r a c e r s  
which a r e  t h o u g h t  t o  have g r e a t  p o t e n t i a l  in  geomorphology.  F a l l o u t  
r a d i o n u c l i d e s  o f  Pb 210 and Cs 137 have been used  i n  e s t i m a t i n g  
d e n u d a t i o n  r a t e s  (Wise,  1977) b u t  t h e r e  has  been  l i t t l e  work done 
w i t h i n  t h e  f i e l d  o f  s o i l  c r e e p .  The main problem i s  a g a i n  t h a t  s o i l  
c r e e p  i s  f a r  t o o  s low a p r o c e s s .  To be e f f e c t i v e  t h e  r a d i o n u c l i d e s  
would have  t o  h a v e  q u i t e  a l o n g  h a l f  l i f e  and t h i s ,  of c o u r s e ,  
d r a m a t i c a l l y  i n c r e a s e s  t h e  r i s k  of  human and e n v i r o n m e n t a l  contamin­
a t i o n  r i s i n g  t o  a n  u n a c c e p t a b l e  l e v e l .
1 .5 Summary of  t h e  D i s a d v a n t a g e s  of  P r e s e n t -D a y  Creep Measur ing  
Techn ique  s
The m ain  p rob lem  i s  t h a t  t h e r e  h a s  been  no change i n  t h e  b a s i c  
methodo lo gy  u s e d  f o r  m o n i t o r i n g  s o i l  c r e e p .  At p r e s e n t ,  t h e  f i e l d  
i n v e s t i g a t i o n  o f  c r e e p  i n v o l v e s  t h e  i n t r o d u c t i o n  o f  an  i d e n t i f i a b l e  
a n d / o r  r e f e r e n c e  o b j e c t ( s )  i n t o  t h e  s o i l  sys tem f o r  a known t im e  
p e r i o d .  The l a s t  decade h a s  w i t n e s s e d  a ' t e c h n o l o g i c a l  e x p l o s i o n '  
i n  such f i e l d s  a s  e l e c t r o n i c s  and t h e  s u b s e q u e n t  d e c r e a s e  i n  p r i c e  
of c e r t a i n  i n s t r u m e n t s .  T h i s  h a s  had t h e  e f f e c t  of b r i n g i n g  a l o t  
of  s o p h i s t i c a t e d  equ ip m en t  w e l l  w i t h i n  t h e  p r i c e  r a n g e  of 
g e o m o r p h o l o g i s t  s .  New advanced  i n s t r u m e n t a t i o n  may have a h i g h e r  
d e g r e e  of a c c u r a c y  and p e r m i t  m easu rem en ts  t o  be t a k e n  more 
f r e q u e n t l y ,  w i t h o u t  f u r t h e r  d i s t u r b a n c e  t o  t h e  s o i l ,  but  t h e  method  
i s  s t i l l  s u b j e c t  t o  a number of c r u c i a l  a s s u m p t i o n s .  These have 
been  h i g h l i g h t e d  by C u l l i n g  (1981) and  can  be summarized a s  f o l l o w s
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1 .  I n i t i a l  d i s t u r b a n c e  of t h e  s o i l ,  from i n s t a l l i n g  o b j e c t  ( s )  i n t o
t h e  s y s t e m ,  i s  min imal  and w i t h  t im e  w i l l  d i s a p p e a r ,  so t h a t  t h e
s o i l  r e t u r n s  t o  i t s  fo rm e r  s t a t e .
2 .  The o b j e c t ( s ) ,  once they  a r e  i n  t h e  s o i l ,  do n o t  a f f e c t  any of
t h e  p r o c e s s e s ,  or  f o r  t h a t  m a t t e r  f low p a t t e r n s ,  e x i s t i n g  i n  t h e
s o i l ;  i e .  The o b j e c t ( s )  do n o t  have  t h e  e f f e c t  of c r e a t i n g  a 
s e p a r a t e  ' m i c r o - e n v i r o n m e n t '  a round  them i n  t h e  s o i l .
3 .  S o i l  c a n  be r e g a r d e d  a s  a con t inuum and t h a t  movement o c c u r s  en 
m a s s e .
4 .  The o b j e c t ( s )  r e s p o n d ( s )  and  moves i n  a  s i m i l a r  manner  t o  t h a t  
of  t h e  s o i l .  Thus a c c u r a t e l y  r e f l e c t i n g  t h e  s o i l ' s  b e h a v i o u r .
5 .  The amount of  t im e  a l l o w e d  b e f o r e  t h e  f i r s t  measurem ent  ( s i x  o r  
12 m on ths )  i s  a l l o w i n g  s u f f i c i e n t  t im e  f o r  n o i s e  f rom i n i t i a l  
d i s t u r b a n c e  t o  have  dropped  t o  a n e g l i g i b l e  p r o p o r t i o n  of  t h e  
r e s u l t .
1 .6  Summary of  O b i e c t i v e s
The m ain  o b j e c t i v e  i s  t o  t e s t  f o r  C u l l i n g ' s  p r e d i c t e d  d e n s i t y  
p a t t e r n  a r o u n d  a n  o b s t a c l e  which h a s  been  e s t a b l i s h e d  i n  t h e  s o i l  
f o r  a t  l e a s t  20 y e a r s .  A s t e a d y  s t a t e  d i s t r i b u t i o n  i s  assumed t o  
e x i s t .  I t  i s  n e c e s s a r y  t o  d e v i s e  a method o f  l o o k i n g  a t  t h e  s o i l ,  
a t  t h e  p a r t i c l e  l e v e l ,  w i t h o u t  i n t e r f e r i n g  w i t h  t h e  s o i l  s t r u c t u r e  
or  t h e  t r a n s p o r t  p r o c e s s e s  d u r i n g  t h e  p e r i o d  of  c ha nge .  The methods  
m e n t io n e d  above  s t r i v e  t o  do t h i s  bu t  i t  i s  f e l t  t h a t  more o f t e n  
t h a n  n o t  t h e y  f a i l .  A new a pp roach  i s  needed  t o  c o n s i d e r  t h e  
p a t t e r n .  One t h a t  i n v o l v e s  j u s t  one o b s e r v a t i o n  wh ich  can t h e r e f o r e
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be d e s t r u c t i v e .  Th is  r e q u i r e m e n t  was s a t i s f i e d  by t h e  f o l l o w i n g  
r e s e a r c h  s t r a t e g y  :
i .  L o c a te  s u i t a b l e  s i t e s  w i t h  d a t a b l e  o b s t a c l e s .
A p o t e n t i a l  prob lem in  t h e  s tudy  i s  t h a t  t h e  p a r t i c l e s  may 
a c c u m u la t e  i n  f r o n t  of t h e  p o s t  and l i m i t  f u r t h e r  movement.
F i r s t l y ,  t h i s  h a s  been  a v o i d e d  by on ly  c o n s i d e r i n g  sandy s i t e s .  I t  
i s  hoped  t h a t  i n  a d o p t i n g  t h i s  s i t u a t i o n  any c l o s e  p a c k ing  o f  t h e  
p a r t i c l e s  n e x t  t o  t h e  p o s t  w i l l  have t h e  e f f e c t  of i n c r e a s i n g  t h e  
e f f e c t i v e  d i a m e t e r  of t h e  p o s t  on t h e  u p - s l o p e  s i d e  and t h u s  m ere ly  
b l u r r i n g  t h e  p a t t e r n .  S e c o n d ly ,  i f  t h e  p a t t e r n  i s  d e s t r o y e d  by 
c l o s e  p a c k in g  t h e n  t h e  p a t t e r n  on t h e  down s l o p e  becomes more 
c r i t i c a l .  T e l e g r a p h  p o s t s  a r e  r e a d i l y  found  t h r o u g h o u t  B r i t a i n  and 
t h e y  were  c h o s e n  a s  d e s i r a b l e  s a t i s f y i n g  t h e  c r i t e r i a  f o r  t h e  
r e s e a r c h .  They a r e  a c c e s s i b l e ,  many b e in g  l o c a t e d  on  open  ground ,  
and d a t a b l e .  F i n d i n g  s i t e s  w i t h  t h e  r e q u i r e d  u n d e r l y i n g  geology and 
p o s t s  w i t h  a minimum age of 20 y e a r s ,  however ,  p roved  t o  be v e ry  
d i f f i c u l t .  A g r i c u l t u r a l  and human d i s t u r b a n c e  e l i m i n a t e d  many 
p o t e n t i a l  s i t e s .  E v e n t u a l l y  two s i t e s  w e r e  choosen  on t h e  
F o l k e s t o n e  Sands ,  one a s l o p i n g  s i t e  a t  Oberon  Glade  and t h e  o t h e r  
f l a t  s i t e  a t  T h u r s l e y  Common.
i i .  Dev ise  a method  t o  r a n o v e  samples  w i t h  minimum d i s t u r b a n c e .
A f t e r  a th o ro u g h  s e a r c h  of t h e  l i t e r a t u r e  and d i s c u s s i o n  w i t h  
s o i l  s c i e n c e  l a b o r a t o r i e s ,  i t  was con c lu d e d  t h a t  t h e r e  was n o t  a 
s u i t a b l e  t e c h n i q u e  a v a i l a b l e  whose main  a im was t o  i n v e s t i g a t e  
m ic r o —d e n s i t y  p a t t e r n s  i n  t h e  s o i l  a round  o b s t a c l e s .  A t e c h n i q u e  
was d e v e lo p e d  and u sed  f o r  i n v e s t i g a t i n g  t h e  e x i s t e n c e  of  a p a t t e r n  
by c o n s i d e r i n g  t h e  c h a r a c t e r i s t i c s  and c ha ng ing  p e r c e n t a g e  of  v o i d s
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a round  a t e l e g r a p h  p o s t .  S o i l  was removed w i t h  minimum d i s t u r b a n c e  
by u s i n g  Kubiena t i n s  and b r a s s  t u b e s .  I t  was im pre gna te d  w i t h  
r e s i n  and a f l u o r e s c e n t  dye and t h e n  made i n t o  30-40 mic ron  t h i n  
s e c t i o n s .
i i i .  A n a l y s i s  of  t h e  s o i l  s e c t i o n s .
V a r io u s  s o i l  m ic ro m o rp h o m e t r i c  t e c h n i q u e s  w e re  c o n s i d e r e d  t o  
e x t r a c t  t h e  r e l a t i v e  i n f o r m a t i o n  from t h e  s e c t i o n s  w i t h  r e s p e c t  t o  
t h e i r  a c c u r a c y ,  r e p l i c a b i l i t y  and t h e  t im e  i n v o l v e d .
Pho to m ic ro s c o p y  was chosen .  The s e c t i o n s  w e re  p h o to g ra p h e d  unde r  
u l t r a  v i o l e t  l i g h t  and phase  c o n t r a s t  c o n d i t i o n s  and  d i g i t i z e d  t o  
f a c i l i t a t e  c a l c u l a t i o n  of  t h e  s o i l r v o i d  r a t i o .
The a im i s  t o  use  t h e  r e s u l t s  t o  c o n s t r u c t  a p i c t u r e  of 
c h a n g in g  m i c r o - d e n s i t y  v a l u e s  a r o u n d  t e l e g r a p h  p o s t s  and  compare 
t h e s e  v a l u e s  t o  t h o s e  p r e d i c t e d  by C u l l i n g ' s  t h e o r y .  C hap te r  two 
d e a l s  i n  g r e a t e r  d e t a i l  w i t h  t h e  r e q u i r e m e n t s  needed  t o  t e s t  t h e  
t h e o r y ;  t h e  p rob lem s  e n c o u n t e r e d  w h i l e  s e a r c h i n g  f o r  s u i t a b l e  
s i t e s ,  s i t e  d e s c r i p t i o n s  and  t h e  s a m p l ing  s t r a t e g y  u s e d .  C hap te r  
t h r e e  d i s c u s s e s  t h e  deve lopmen t  of t h e  t e c h n i q u e  of i m p r e g n a t i o n  of  
t h e  s o i l  t o  e n a b l e  t h i n  s e c t i o n s  t o  be made. C h a p te r  f o u r  o u t l i n e s  
t h e  d i f f e r e n t  m i c r o m o r p h o l o g i c a l  methods c u r r e n t l y  b e in g  used  and 
t h e  r e a s o n s  f o r  c h o o s in g  p h o t o m e t r y .  Image a n a l y s e r s  a r e  b r i e f l y  
r e v i e w e d  b e f o r e  d e s c r i b i n g  t h e  sys tem u se d .  F i n a l l y  C h a p te r  f i v e  
p r e s e n t s  a summary of  t h e  r e s u l t s  and t h e i r  i m p l i c a t i o n s  t o  t h e  
s t o c h a s t i c  t h e o r y  of  s o i l  c r e e p .
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I I  SAMPLING STRATEGY
The s e l e c t i o n  of  s u i t a b l e  s i t e s  t o  i n v e s t i g a t e  t h e  s t o c h a s t i c  
t h e o r y  and t h e  v a r i o u s  c o n s t r a i n t s  i n v o l v e d  a r e  d i s c u s s e d .
F o l lo w in g  p r e l i m i n a r y  work a t  Ockham Common, two main s i t e s  w ere  
cho s en  w i t h  c o n t r a s t i n g  l o c a l  r e l i e f .  The s i t e s  a r e  d e s c r i b e d  w i t h  
r e s p e c t  t o  t h e i r  g e o lo g y ,  p e d o lo g y ,  r e l i e f  and l i n e  of p o s t s .  The 
c o l l e c t i o n  of  s am ples  w i t h  min imal  d i s t u r b a n c e  t o  t h e  s o i l  s t r u c t u r e  
was c r i t i c a l  t o  t h e  r e s e a r c h .  V a r io u s  a v a i l a b l e  t e c h n i q u e s  a r e  
r e v i e w e d  a nd  t h e  r e a s o n s  f o r  u s i n g  t h e  a d o p t e d  f i e l d  p r o c e d u r e  a r e  
o u t l i n e d .
2 .1  S i t e  c o n s t r a i n t s
A number of  c o n s t r a i n t s  w e r e  t a k e n  i n t o  c o n s i d e r a t i o n  w h i l e  
s e a r c h i n g  f o r  s u i t a b l e  s i t e s .  These w i l l  now be d i s c u s s e d  i n  
g r e a t e r  d e t a i l  :
i .  Geology.
T h i s  r e s e a r c h  i s  a im in g  t o  produce  f i e l d  e v id e n c e  t o  
s u b s t a n t i a t e  t h e  e x i s t e n c e  of random d i f f u s i v e  s o i l  movement.  The 
th e o r y  i s  a p p l i c a b l e  t o  a l l  t y p e s  of  s o i l s .  One i m p o r t a n t  drawback 
of  w o rk in g  w i t h  c l a y e y  s o i l s  i s  t h a t  i n t e r n a l  c o h e s i o n ,  be tween  
p a r t i c l e s ,  may have t h e  e f f e c t  of  c a u s i n g  i n d i v i d u a l  p a r t i c l e s  t o  
c l u s t e r ,  b r e a k  and  r e c l u s t e r .  These l a r g e r  s o i l  p a r t i c l e s  c o u ld  
r e a c t  i n  t h e  same way,  bu t  p e rh a p s  produce  a c o a r s e  f i n a l  d e n s i t y  
p a t t e r n .  N e v e r t h e l e s s ,  i t  i s  n o t  known w h e t h e r  o r  n o t  t h e r e  would 
be a s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  d e n s i t y  p a t t e r n .  F o l low ing  
s t a n d a r d  s c i e n t i f i c  p r a c t i c e  we have chosen  t h e  s i m p l e s t  p o s s i b l e
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s i t u a t i o n .  That  i s  a f r e e l y  d r a i n e d ,  sandy s o i l  w i t h  a min imal  c l a y  
and s i l t  component .  S o i l  s t r u c t u r e  and  t e x t u r e  a r e  p a r t l y  a  f u n c t i o n  
o f  t h e  u n d e r l y i n g  g e o l o g y .  A sandy l i t h o l o g y  w i l l  t end  t o  g i v e  r i s e  
t o  a sandy s o i l .  Hence,  a f t e r  c o n s u l t i n g  t h e  most  r e c e n t  1 : 50 000 
g e o l o g i c a l  maps and t h e i r  c o r r e s p o n d i n g  g e o l o g i c a l  memoirs ,  i n t e r e s t  
was f o c u s e d  on t h e  v a r i o u s  sandy l i t h o l o g i e s .  I t  was d e c i d e d  t o  
c o n c e n t r a t e  on t h e  F o l k e s t o n e  Beds .
The F o l k e s t o n e  Beds c o m p le te  t h e  Lower G reensand  s u c c e s s i o n  and 
c o n s i s t  p r e d o m i n a t e l y  o f  p o o r l y  c o n s o l i d a t e d ,  q u a r t z o s e  sands  w i t h  
seams o f  p e b b l e s  and  c l a y s .  They a r e  sometim es l i m o n i t i c  a nd  
s p a r s e l y  f o s s i l i f e r o u s , p a r t i c u l a r l y  i n  t h e  e a s t e r n  p a r t  of t h e  
o u t c r o p .  They g rade  from f i n e  t o  medium sand  bu t  t h e r e  a r e  l o c a l  
v a r i a t i o n s .  They e x h i b i t  w e l l - d e v e l o p e d  c r o s s  b e d d in g ,  i n c l u d i n g  
o c c a s i o n a l  d r e i k a n t e r  (w ind  f a c e t e d )  p e b b l e s  wh ich  have  l e d  t o  
s p e c u l a t i o n  on t h e  o r i g i n  o f  t h e  F o l k e s t o n e  Beds .  Nearby l a n d  a t  
t h e  t im e  of d e p o s i t i o n  was  f r i n g e d  w i t h  sand  dunes  which  a r e  
p r o b a b l y ,  r e - w o r k e d  and  i n c o r p o r a t e d  i n t o  t h e  p r e s e n t  d e p o s i t s .
L ike  t h e  r e s t  of t h e  Lower G re e nsa nd  s u c c e s s i o n  t h e y  a r e  t h o u g h t  t o  
be e s t u a r i n e  s e d i m e n t s ,  d e v e lo p e d  i n  s h a l lo w  w a t e r  under  t h e  
i n f l u e n c e  of s t r o n g  c u r r e n t s .  The F o l k e s t o n e  Beds v a r y  i n  t h i c k n e s s  
f rom 18 .3  m e t r e s  ( 6 0 f t )  a t  F o l k e s t o n e ,  on t h e  s o u th  e a s t  c o a s t ;  
t h i c k e n i n g  r a p i d l y  w es tw ards  t o  79.3 m e t r e s  ( 2 6 0 f t )  a t  Farnham, and 
t h e n  t h i n n i n g  a g a i n  e a s t w a r d s ,  a lo n g  t h e  s o u t h e r n  o u t c r o p ,  t o  l e s s  
t h a n  t h r e e  m e t r e s  ( 1 0 f t )  a t  E a s tb o u r n e  ( f i g .  2 . 1 ) .
The F o l k e s t o n e  Beds g i v e  r i s e  t o  c h a r a c t e r i s t i c a l l y  a c i d i c  
p o d z o l s .  Under c o n i f e r o u s  f o r e s t ,  on u n d i s t u r b e d  h e a t h ,  a s u r f a c e  
a c c u m u l a t i o n  of  o r g a n i c  m a t t e r  i s  u n d e r l a i n  by g rey  s t e r i l e  s and .
T h i s  e l u v i a t e d  h o r i z o n  l o s e s  i r o n  and alumin ium unde r  t h e  i n f l u e n c e
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of o r g a n i c  compounds which  a r e  t h e n  d e p o s i t e d  i n  two b r i g h t l y  
c o l o u r e d  s u b s o i l  h o r i z o n s ,  t h e  u p p e r  of which i s  humose and ve ry  
d a r k  and  t h e  lower  i s  r u s t  c o l o u r e d  (Burnham and McRae, 1974 ,  p.
600) .
i i .  D a t a b l e  o b s t a c l e s .
D a t a b l e  o b s t a c l e s ,  u b i q u i t o u s  t o  t h e  a r e a ,  and o f  t h e  r e q u i r e d  
c i r c u l a r  shape and  s i z e ,  t h e n  h a d  t o  be l o c a t e d .  Overhead 
e l e c t r i c i t y  s u p p ly  p o l e s  a r e  a p p r o x i m a t e l y  t e n  m e t r e  l o n g  wooden 
p o s t s ,  of d i a m e t e r  2 5 . 4  -  27 .9 c e n t i m e t r e s ,  which  a r e  s p r e a d  ove r  
t h e  c o u n t r y  i n  a p r e c i s e  g r i d  p a t t e r n .  High v o l t a g e  l i n e s ,  (>33 000 
v o l t s ) ,  a r e  u s u a l l y  s e t  i n  c o n c r e t e  b a s e s  w h i l e  low v o l t a g e  l i n e s ,  
c a r r y i n g  d o m e s t i c  s u p p l i e s ,  a r e  l o c a t e d  i n  hedgerows  o r  i n  u rban  
a r e a s .  In  t h e  m i d d l e  of t h e s e  two a r e  medium v o l t a g e  l i n e s  c a r r y i n g  
33 000 v o l t s  a c r o s s  r u r a l  a r e a s  f rom m ain  d i s t r i b u t i o n  p o i n t s .
A f t e r  t h e  w a r ,  i n  t h e  1950s  a n d  e a r l y  1960s ,  a programme of 
m o d e r n i s a t i o n  commenced, no t  o n ly  t o  u p d a te  p r e s e n t  g r i d  sys tem s  but  
t o  c o n s t r u c t  and  i n s t a l l  new o n e s .  T h e r e f o r e ,  a l a r g e  number of new 
l i n e s ,  w i t h  t h e  e x a c t  d a t e  b ra n d e d  on t h e  p o s t s  a p p e a r e d  th r o u g h o u t  
t h e  c o u n t r y  ( p l a t e  2 . 1 ) .  Twenty y e a r s  i s  t h o u g h t  t o  be s u f f i c i e n t  
t i m e  f o r  a s o i l  t o  have  r e t u r n e d  t o  i t s  s t e a d y  s t a t e ,  f o l l o w i n g  t h e  
i n s t a l l a t i o n  of  t h e  p o s t s  i n t o  t h e  s o i l .  The r e g i o n a l  e l e c t r i c i t y  
b o a rd  o f f i c e s ,  i n  t h e  a r e a s  unde r  i n v e s t i g a t i o n ,  were c o n t a c t e d ,  and 
l a r g e  s c a l e  maps (1 : 10 0 0 0 ) ,  showing t h e  l o c a t i o n  and  age of t h e  
p o s t s ,  were  o b t a i n e d .  A l l  l i n e s ,  i n t r o d u c e d  i n  t h e  1950s and e a r l y  
1960s ,  and r u n n i n g  a c r o s s  l a n d  on t h e  F o l k e s t o n e  Beds ,  were n o t e d .
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i i i .  Minimum D i s t u r b a n c e  t o  s o i l  s t r u c t u r e  d u r in g  r e m o v a l .
The aim i s  t o  remove t h e  s o i l  w i t h  as  l i t t l e  d i s t u r b a n c e  t o  i t s
s t r u c t u r e  a s  p o s s i b l e .  T h e r e f o r e ,  t h e  s o i l  has t o  be a s  f r e e  of
s t o n e s  and r o o t s  a s  p o s s i b l e .  Th is  a l l o w s  t h e  c o n t a i n e r s  (Kubiena 
t i n s ,  t u b e s )  u sed  t o  c o l l e c t  t h e  s o i l  samples  t o  be i n s e r t e d  w i t h  
minimum d i s t u r b a n c e  t o  t h e  s o i l  s t r u c t u r e .  The s o i l  needs  t o  have  a 
low f a u n a l  p o p u l a t i o n  ( e s p e c i a l l y  e a r th w o r m s ) ,  t o  m in im iz e  t h e  
amount  of  h o r i z o n  m i x i n g  from f a u n a l  a c t i v i t y .  Th i s  i s  u s u a l l y  t h e  
ca se  w i t h  a c i d i c  s o i l s ,  such a s  p o d z o l s .  Numerous c o m p l i c a t i o n s  can 
a r i s e  when d e a l i n g  w i t h  heavy c l a y  s o i l s ,  m ain ly  due t o  t h e i r  h igh  
c a p a c i t y  f o r  w a t e r  r e t e n t i o n .  They a r e  h i g h l y  s u s c e p t i b l e  t o
s w e l l i n g  and  s h r i n k i n g  i n  t h e  f i e l d  and g r e a t  c a r e  h a s  t o  be
employed t o  p r e v e n t  t h e  deve lopment  of c r a c k s  on d r y i n g  a t  room 
t e m p e r a t u r e .  T h i s  i s  a n o t h e r  r e a s o n  f o r  a v o i d i n g  c l a y e y  s o i l s  i n  
p r e f e r e n c e  t o  sandy s o i l s .
i v .  S lo p e .
The a n g l e  of  t h e  s l o p e ,  on which t h e  l i n e s  of  p o s t s  ru n  a lo n g ,  
i s  i m p o r t a n t .  I f  t h e  a n g l e  i s  t o o  s t e e p  t h e  down s lo p e  d r i f t  
component  may mask o u t  any d i s c e r n i b l e  e f f e c t  of random d i f f u s i v e  
movement,  and i n s t e a d  t h e r e  c o u ld  be a '  f low t y p e '  p a t t e r n .  The 
r e v e r s e  c o u l d  a l s o  be  t r u e  j on a  f l a t  s i t e ,  t he d r i f t  component  woul d  
be a t  a minimum and t h e  random d i f f u s i v e  e le m en t  now dom inan t .  Th is  
would l e a d  t o  non—s y s t e m a t i c  d e n s i t y  v a r i a t i o n  a ro u n d  t h e  o b s t a c l e .  
F o l lo w in g  some p r e l i m i n a r y  f i e l d  work ,  i t  was found  t h a t  p o s t s  on 
s t e e p e r  s l o p e s  ( g r e a t e r  t h a n  t e n  d e g r e e s )  had s u r f a c e  s c o u r i n g  from 
o v e r l a n d  f lo w  a ro u n d  t h e i r  b a s e .  For t h i s  s tudy  i t  was c a l c u l a t e d  
t h a t  a s l o p e  a n g l e  of be tw een  t h r e e  and se ven  d e g r e e s  would be 
s u i t a b l e .  I t  was a l s o  t h e  i n t e n t i o n  t o  have  a c o n t r o l  s i t e  of a
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p o s t  i n  a f l a t  a r e a .
V .  Open a c c e s s .
Most p r i v a t e  l a n d  i n v e s t i g a t e d  h a s  been p lo u g h e d  a t  some t im e 
i n  t h e  p a s t .  T h e r e  a r e  o f t e n  a n im a l s  g r a z i n g  i n  t h e  v i c i n i t y  of t h e  
p o s t s ,  and a l t h o u g h  p e r m i s s i o n  was u s u a l l y  g r a n t e d  t o  work  on t h e  
l a n d ,  i t  was o f t e n  f o r  a l i m i t e d  t im e  p e r i o d  o n l y .  In  c o n t r a s t ,  
common g round  and  N a t u r e  R e s e rv e  l a n d  i n v e s t i g a t e d  h a s  g e n e r a l l y  no t  
been  g r a z e d  i n  r e c e n t  y e a r s .  The l i n e s  of  p o s t s  w e r e  n o t  v i s i b l e  
f rom t h e  p u b l i c  f o o t p a t h s  and t h e r e f o r e  n o t  s u b j e c t  t o  f r e q u e n t  
human i n t e r f e r e n c e .  I t  was a l s o  f e l t  t h a t  any a r e a  t o  be c o n s i d e r e d  
a s  a  p o t e n t i a l  s t u d y  s i t e  sho u ld  be r e a d i b l y  a c c e s s i b l e  so t h a t  i t  
c o u ld  be f r e e l y  v i s i t e d  a s  t h e  need  a r o s e .
To summ ar ise ,  a  s u i t a b l e  s i t e  needed  t o  have  a n  a c i d i c ,  s t e r i l e  
s o i l  c o n t a i n i n g  v e r y  few s t o n e s ,  r o o t s  and min imal  f a u n a l  a c t i v i t y  
( e s p e c i a l l y  e a r t h w o r m s ) ,  a d a t a b l e  o b s t a c l e ,  such a s  a n  e l e c t r i c i t y  
s u p p ly  p o s t ,  p r e f e r a b l y  i n t r o d u c e d  i n t o  t h e  ground more  t h a n  20 
y e a r s  a g o ,  and a s l o p e  no t  g r e a t e r  t h a n  a bou t  s e v e n  d e g r e e s .
2 .2 L o c a t i n g  a. s i t e
A p e r i o d  o f  r e c o n n a i s s a n c e  f i e l d  work was u n d e r t a k e n  t o  a s s e s s  
t h e  l o c a l  s u r f a c e  and s u b s u r f a c e  c o n d i t i o n s  a ro u n d  t h e  p o s t s  on t h e  
F o l k e s t o n e  B eds .  At f i r s t  t h e r e  seemed t o  be a p r o f u s i o n  of  
p o t e n t i a l  s i t e s  b u t  i t  soon became c l e a r  t h a t  f i n d i n g  a s i t e  which 
f u l f i l l e d  a l l  t h e  c o n s t r a i n t s  was go ing  t o  be d i f f i c u l t .
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Hurtwood Common (TQ 0 85 43 5) h a s  an  e x t e n s i v e  g r i d  o f  p o s t s .  
T h i s  w h o le  a r e a ,  r u n n in g  e a s t  f rom Wonersh t o  South  Holmwood and 
s o u th  of t h e  c h a l k  e sca rp m e n t  a s s o c i a t e d  w i t h  t h e  Hogs Back, has 
Lower G r e e n s a n d  d e p o s i t s  o u t c r o p p i n g  a t  t h e  s u r f a c e .  P e r m i s s i o n  was 
g i v e n  by t h e  e s t a t e  mange rs  t o  d i g  i n  t h e  a r e a ,  and work  began on 
t h e  l i n e  of  p o s t s  n e a r e s t  t o  W i n t e r f o l d  C o t t a g e  (TQ 064 4 3 1 ) .  The 
p o s t s  w e r e  pu t  i n  t h e  e a r l y  1 9 5 0 ' s  and t h e r e  i s  v e r y  l i t t l e  s u r f a c e  
v e g e t a t i o n  a ro u n d  them. A s m a l l  t r e n c h  was dug a b o u t  one m e t r e  away 
from a p o s t  bu t  u n f o r t u n a t e l y  t h e  s o i l  was found  t o  be f u l l  of 
w e a t h e r e d  f r a g m e n t s  of  b e d ro c k .  I t  was i m p o s s i b l e  t o  remove s o i l  
w i t h o u t  c a u s i n g  d i s t u r b a n c e  t o  t h e  s t r u c t u r e .  Each t im e  a Kubiena 
t i n  o r  t u b e  was pushed i n t o  t h e  s o i l  f ac e  c o n t a c t  was made w i t h  
f r a g m e n t s  o f  r o c k  and  c a u s e d  any c o n t a i n e r  u sed  t o  r o t a t e  a bou t  t h e  
p o i n t  of  c o n t a c t .  Th i s  prob lem r e - o c c u r r e d  w i t h  p o s t s  i n  o t h e r  
p a r t s  o f  t h e  f o r e s t  and hence  t h e  a r e a  was abandoned .
At Chobham Common (SU 96 56 55) t h e r e  i s  a l i n e  of p o s t s  d a t i n g  
b a c k  t o  t h e  1 9 5 0 s .  The s o i l  i s  v e r y  sandy but  t h e  a r e a  i s  ove r  
grown w i t h  P t e r i d i u m  aqu i l i n u m  and C a l lu n a  sp^ I t  was i m p o s s i b l e  t o  
g e t  c l o s e  t o  mos t  of t h e  p o s t s  and e v e n  when t h e r e  was a pathway 
n e a r  t o  one ,  i t  was fo u n d  t o  be t o t a l l y  i m p o s s i b l e  t o  remove s o i l  
w i t h o u t  d i s t u r b a n c e  because  of  t h e  s h a l lo w  and e x t e n s i v e  r o o t  
sy s te m .  I n  a n o t h e r  s e c t i o n  of  Chobham Common t h e r e  was an  e x t e n s i v e  
l i n e  of p o s t s  but  u n f o r t u n a t e l y  t h e s e  f e l l  w i t h i n  t h e  governm enta l  
F.V .R.D.  a r e a  (TQ 965653)  which i s  o u t  of bounds t o  t h e  p u b l i c .
At Ockham Common a l l  of t h e  c o n s t r a i n t s  w e re  met  but  t h e  l i n e  
of p o s t s  was i n  t h e  a r e a  b e in g  d e v e lo p e d  f o r  t h e  new M25 motorway. 
The s o i l  a ro u n d  a g r e a t  many of  t h e  p o s t s  had been d i s t u r b e d  and  
t h e r e f o r e  deemed u s e l e s s .  Th i s  p roved  t o  be f o r t u n a t e  a s  i t  was n o t
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p o s s i b l e  t o  g a i n  p e r m i s s i o n  t o  work i n  t h e  a r e a .
A l o t  of  t h e  o l d e r  l i n e s  of  p o s t s  now need  t r e a t m e n t  t o  p r e v e n t  
r o t t i n g  a t  t h e  base of t h e  pos t  n e a r  t h e  s o i l : a i r  i n t e r f a c e .  Th is  
i n v o l v e s  c o a t i n g  a s e c t i o n  of  t h e  p o s t ,  j u s t  above  and  below t h e  
g r o u n d  l e v e l ,  w i t h  a m i x t u r e  of p i t c h  and t a r  or  w i t h  c r e o s o t e .  
O b v i o u s l y ,  d u r i n g  t h e  p r o c e s s ,  t h e  s o i l  a r o u n d  t h e  p o s t  i s  t o t a l l y  
d i s t u r b e d .  T h e r e f o r e ,  any p o s t  found  t o  have  been  t r e a t e d  i n  t h i s  
way was i m m e d i a t e l y  d i s r e g a r d e d .
E v e n t u a l l y  two s i t e s  which  f u l f i l l e d  t h e  c o n s t r a i n t s  w e re  
l o c a t e d .  One a s l o p i n g  s i t e  a t  Obe ron  Glade  (TQ 0 51454) and  t h e  
o t h e r  a f l a t  s i t e  a t  T h u r s l e y  Common (TQ 914408)  b o t h  i n  S u r r e y  
( f i g .  2 . 1 ) .  Because of t h e  ex t r e m e  d i f f i c u l t y  i n  f i n d i n g  s u i t a b l e  
s i t e s  one o t h e r  s i t e ,  a t  Ockham Common, Su r re y  (TQ 0 8 5 5 8 7 ) ,  was 
c h o s e n  a s  p i l o t  s tu d y  a r e a  t o  p e r f e c t  u n f a m i l i a r  t e c h n i q u e s  b e f o r e  
u s i n g  them on t h e  two m ain  s i t e s .
2 .3 The s i t e s
i .  Ockham Common TQ 0 85 5 87 Geology s h e e t  285 ( A l d e r s h o t ) .
T h i s  a r e a  was used  a s  a p i l o t  s t u d y  s i t e  t o  p e r f e c t  c e r t a i n  
t e c h n i q u e s  b e f o r e  u s i n g  them on t h e  two main  s i t e s .  Ockham Common 
i s  s i t u a t e d  n e a r  B o u l d e r  Mere,  S u r re y  (TQ 0 83 5 86) t o  t h e  s o u th  e a s t  
of  t h e  A3 r o a d .  The a r e a  i s  a N a t u r e  R e s e r v e  and  t h e r e f o r e  open  t o  
t h e  p u b l i c .  The m ain  l a n d u s e  i s  mixed w oodland  (P i n u s  £p_. , Qu e r c u s  
sp_. and B e t u l a  gp,. ) . The r e l i e f  i s  g e n t l y  u n d u l a t i n g  w i t h  a g e n e r a l  
h e i g h t  of  35 -  40 m e t r e s ,  r i s i n g  up t o  62 m e t r e s  a t  T e l e g r a p h  H i l l .  
The a c t u a l  s tu d y  s i t e  was s i t u a t e d  i n  a c l e a r i n g  i n  t h e  m i d d l e  of 
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and P t e r i d i u m  sp_. The a r e a  i s  f r e e l y  d r a i n e d .
The u n d e r l y i n g  geology i s  t h e  Bagsho t  Beds .  They form two 
o u t l i e r s  o f  f i n e  b u f f  c o l o u r e d  sand  w i t h  f l i n t  p e b b l e s  and  i s  
s e p a r a t e d  from t h e  London Clay by 3 .7  m e t r e s  ( 1 2 f t )  o f  t r a n s i t i o n a l  
sand  and  c l a y ,  namely t h e  C l a y g a t e  Beds ( G a l l o i s ,  R.W. , 196 5 ) .  Th is  
l i t h o l o g y  g e n e r a l l y  g i v e s  r i s e  t o  h e a t h  and w o o d la n d ,  f o r  i n s t a n c e  
Bagsho t  H e a th  and Hampstead H e a t h .  O u tc ro p s  r u n  i n  a n  e a s t - n o r t h ­
e a s t  d i r e c t i o n ,  p r e s e r v e d  i n  a n  a x i a l  s y n c l i n e .  The B a g s h o t  Beds 
w e r e  l a i d  down a s  a consequence  of t h e  s h a l l o w i n g  o f  t h e  London Clay 
s e a .  They a r e  p o o r l y  f o s s i l i f e r o u s  and  h i g h e r  g ro u n d ,  such as  
T e l e g r a p h  H i l l ,  c o r r e s p o n d  t o  p a t c h e s  o f  p l a t e a u  g r a v e l .
The s o i l  a t  Ockham Common i s  p o d z o l i c ,  v e r y  sandy and 
s t r u c t u r e l e s s  w i t h  d i s t i n c t  e l u v i a t e d  and  i l l u v i a t e d  h o r i z o n s .
T h e r e  i s  a  w e l l  d e v e lo p e d  LFH h o r i z o n  u n d e r n e a t h  t h e  t r e e s  bu t  i n  
t h e  c l e a r i n g  i t  i s  v e r y  s k e l e t a l .  The pH of  t h e  Ae h o r i z o n  r a n g e s  
from 3 . 6 4  t o  4 . 1 6  (Yam, O.L. , 1979)  a n d  t h e r e  i s  a n  i r o n  pan 
a p p r o x i m a t e l y  45 c e n t i m e t r e s  down from t h e  s u r f a c e .  T h e r e  i s  h a r d l y  
any s u r f a c e  v e g e t a t i o n  and  no e v i d e n c e  of f a u n a l  a c t i v i t y  t h u s  
a l l o w i n g  f o r  t h e  rem ova l  of s o i l  w i t h  minimum d i s t u r b a n c e .  There  
a r e  a few s m a l l  f l i n t s  i n  t h e  l o w e r  p a r t  of  t h e  p r o f i l e  (below 20 
c e n t i m e t r e s )  b u t  t h i s  a r e a  was n o t  i m p o r t a n t  t o  t h e  s t u d y .
A l though  t h e r e  i s  a l i n e  of  p o s t s  on t h e  f a r  s i d e  of t h e  
Common, t h e s e  w e r e  i n a c c e s s i b l e  due t o  r o a d  c o n s t r u c t i o n .  
N e v e r t h e l e s s ,  t h e r e  a r e  a number of  s m a l l  f e n c e  p o s t s ,  a bou t  s i x  
c e n t i m e t r e s  i n  d i a m e t e r .  I t  was d e c i d e d  t o  use  t h e s e  t o  p r a c t i s e  
r em o v in g  s o i l  from a r o u n d  c i r c u l a r ,  c y l i n d r i c a l  o b s t a c l e s  i n  t h e  
f i e l d ,  r a t h e r  t h a n  r u n n i n g  t h e  r i s k  of  r u i n i n g  a m ain  s i t e  due t o  
t e c h n i c a l  i n e x p e r i e n c e .
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i i .  Oberon Glade  TQ 051454  Geology s h e e t  285 ( A l d e r s h o t ) .
T h i s  s tu d y  s i t e  i s  a s m a l l  p a tc h  of h e a t h l a n d  domina ted  by 
P t e r i d i u m  aq u i l  inum ; P i n u s  sp_. ; Qu e rc u s  sp_. and B e t u l a  sp.
Oberon Glade  i s  s u i t a t e d  on F a r l e y  Heath t o  t h e  n o r t h  w es t  of F a r l e y  
G reen ,  S u r r e y .  The a r e a  i s  open  t o  t h e  p u b l i c  and  m a in ly  used f o r  
r e c r e a t i o n a l  p u r p o s e s .  The r e l i e f  i s  g e n t l y  u n d u l a t i n g  w i t h  a 
g e n e r a l  h e i g h t  of 80 m e t r e s  and  r i s i n g  t o  a b o u t  110 m e t r e s .  The 
s l o p e  a r o u n d  t h e  p o s t  was s u r v e y e d  u s i n g  a n  Abney l e v e l  and i t  was 
f o u n d  t o  be 4 . 5  d e g r e e s .  T h e re  was nowhere  e v id e n c e  of s u r f a c e  
a c c u m u l a t i o n s  o f  w a t e r  and t h e  a r e a  was  v e r y  w e l l  d r a i n e d  ( p l a t e  
2 .2 ) .
The o u t c r o p  o f  t h e  sandy F o l k e s t o n e  Beds c o v e r s  a bou t  31 s q u a r e  
k i l o m e t r e s  t o  t h e  s o u t h  and e a s t  of Farnham and i t  fo rm s  h i l l y  
wooded c o u n t r y  and h e a t h .  F u r t h e r  e a s t ,  f o u r  m i l e s  s o u t h - e a s t  of 
G u i l d f o r d  a t  F a r l e y  H e a th ,  t h e  sandy F o l k e s t o n e  Beds a r e  r e p r e s e n t e d  
by a l a r g e  bu t  t h i n  o u t l i e r  s i m i l a r  t o  t h a t  of  A lbury  Hea th  and 
B l a c k h e a t h .  On t h e  F a r l e y  Heath  o u t l i e r  e x p o s u r e s  a r e  few.  The 
o n ly  p i t  of n o t e  i s  185 m e t r e s  n o r t h  of  Upper W o o d h i l l .  T h i s  
e x p o s u r e  shows a f a c e  of 3 . 7  m e t r e s  ( 1 2 f t )  h i g h ,  t h e  uppe r  2 .7  
m e t r e s  ( 9 f t )  o f  which  i s  normal  c u r r e n t  bedded f e r r u g i n o u s  sand  
( D i n e s ,  H.G. and  Edmunds, F.H. , 1929 ,  p . 3 8 ) .
The s o i l s  o f  t h e  a r e a  a r e  podzol  i c ,  v e r y  sandy and 
s t r u c t u r e l e s s .  R e s u l t s  o f  g r a i n  s i z e  a n a l y s i s  ( a p p e n d i x  D) show 
t h a t  t h e  s o i l  i s  a sandy  loam (U .S .D .A .  , 1951 ,  p . 2 0 9 ) .  The upper  
h o r i z o n  sampled i n  t h e  s tu d y  i s  composed o f  50 .3  p e r c e n t  s a nd ,  39 
p e r c e n t  s i l t  and  n i n e  p e r c e n t  c l a y .  A d e f i n i t e  h o r i z o n  of  amorphous 
o r g a n i c  m a t t e r  e x i s t s  n e a r  t h e  s u r f a c e .  The re  i s  a d i s t i n c t  LFH 
l a y e r ,  e l u v i a t e d  b l e a c h e d  A h o r i z o n  which  h a s  a  pH of  3 . 9  and t h i s
(-I8RAR'/
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g r a d e s  down i n t o  a Bh h o r i z o n  where  t h e r e  i s  e v i d e n c e  of a weak 
a r g i l l i c  l a y e r  a t  20 c e n t i m e t r e s  down from t h e  s u r f a c e .  There  i s  
l i t t l e  e v i d e n c e  of f a u n a l  a c t i v i t y ,  hence t h e  h o r i z o n s  have  v e ry  
s h a r p ,  c l e a r  c u t  b o u n d a r i e s  w i t h  each o t h e r .  The o n ly  v e g e t a t i o n  
n e a r  t h e  p o s t s  was some s h o r t  g r a s s  w h ic h  p ro v ed  t o  have  q u i t e  
s h a l l o w  r o o t s .  T h e r e  w e r e  a few s t o n e s  i n  t h e  l o w e r  p a r t  of t h e  Bh
but  none i n  t h e  uppe r  p a r t  of t h e  p r o f i l e  w h e re  t h e  s a m p l ing  was t o
t a k e  p l a c e .  T h e r e  w e re  no c h a r a c t e r i s t i c  f e a t u r e s  o f  w a t e r - l o g g i n g  
i n  t h e  Bh h o r i z o n  such a s  m o t t l i n g  o r  g l e y i n g  a nd  t h e r e f o r e  a s
s u g g e s t e d  t h e  s o i l s  of  t h e  a r e a  a r e  w e l l  d r a i n e d .
The o v e r h e a d  e l e c t r i c i t y  sup p ly  l i n e ,  r u n n i n g  down i n t o  t h e  
g l a d e ,  c o n s i s t s  o f  f o u r  p o s t s ,  a l l  of which  w e re  e r e c t e d  i n  O c t o b e r ,
19 6 0 .  They a r e  medium s i z e d  p o s t s ,  2 5 . 4  -  27 .9  c e n t i m e t r e s  (10 -  11
i n c h e s )  i n  d i a m e t e r .  One of  t h e  p o s t s ,  a t  t h e  t o p  o f  t h e  s l o p e ,  was
o r i g i n a l l y  s e t  i n  a c o n c r e t e  b a s e .  The two n e a r  t h e  f o o t  of t h e
s l o p e  h a d  e v i d e n c e  of s u r f a c e  s c o u r i n g  a r o u n d  them and one had been  
t r e a t e d  f o r  r o t .  T h e r e f o r e ,  on ly  one of  t h e  p o s t s ,  u n d i s t u r b e d  
s i n c e  i t s  i n t r o d u c t i o n  i n t o  t h e  s o i l  i n  1960 ,  c o u ld  be u sed  i n  
t h i s  s t u d y  ( p l a t e  2 . 3 ) .
-  51 -
i i i .  T h u r s l e y  Common TQ 914408 Geology s h e e t  301 ( H a s l e m e r e ) .
T h u r s l e y  Common i s  a N a t u r e  R e s e r v e  a r e a ,  c o v e re d  w i t h  
h e a t h l a n d  a n d  l a r g e  p a t c h e s  of  mixed w oodland  i n  which  t h e  P in u s  sp_. 
a r e a s  h a v e  been  a r t i f i c i a l l y  p l a n t e d .  The Common l i e s  t o  t h e  sou th  
w e s t  of  M i l f o r d ,  S u r re y  and j u s t  o f f  t h e  A3 r o a d .  T h u r s le y  Common 
i s  o pe n  t o  t h e  p u b l i c  and  m a i n l y  used  f o r  i t s  numerous a n c i e n t  
b r i d l e - w a y s .  The r e l i e f  i s  g e n t l y  u n d u l a t i n g  w i t h  a g e n e r a l  h e i g h t  
of  60 m e t r e s  a n d  r i s i n g  up t o  a b o u t  100 m e t r e s  i n  t h e  so u th  of t h e  
Common. The im m ed ia te  a r e a  a r o u n d  t h e  p o s t s  was s u rv e y e d  u s i n g  an  
Abney L e v e l  and t h e  a n g l e  of t h e  s l o p e  was found  t o  be l e s s  t h a n  one 
d e g r e e  and  t h e r e f o r e  r e g a r d e d  a s  f l a t .  The d r a i n a g e  f o r  t h e  most  
p a r t  i s  f r e e  e x c e p t  f o r  marshy  a r e a s ,  i n  t h e  n o r t h  of t h e  Common, 
c o i n c i d i n g  w i t h  t h e  S a n d g a te  Beds ( p l a t e  2 . 4 ) .
Up t o  4 5 . 7  m e t r e s  ( 1 5 0 f t )  o f  F o l k e s t o n e  Beds a r e  p r e s e n t  
b e n e a t h  T h u r s l e y  Common. To t h e  s o u t h  of  t h e  Common, t h e  
F o l k e s t o n e s  o u t c r o p  e a s t w a r d s  from t h e  C o s fo rd  V a l l e y  f o r  27 .4  
m e t r e s  (30yd)  and  a r e  t h e n  f a u l t e d  a g a i n s t  t h e  S a n d g a te  Beds (TQ 
9 1 4 3 9 6 ) .  On t h e  n o r t h  s i d e  of  t h e  Common, t h e  b a s a l  f e a t u r e  i s  
l a c k i n g .  E x p o s u r e s  h e r e  a r e  r a r e  and m a r s h y ,  t o g e t h e r  w i t h  
s e e p a g e s ,  mark t h e  base  of  t h e  f o r m a t i o n .  C u r r e n t  bedd in g  i s  
u b i q u i t o u s  a nd  A l l e n  and  N a r a y a n  (1964)  i n t e r p r e t e d  t y p i c a l  f e a t u r e s  
o f  t h e  c r o s s - s t r a t i f i e d  u n i t s  i n  t e r m s  of  l a r g e  s c a l e  r i p p l e s ,  
formed i n  a s h a l l o w  se a  u n d e r  t i d a l  c o n d i t i o n s .  Small  p a t c h e s  of  
t h e  t h i r d  B l a c k w a t e r  t e r r a c e  cap t h e  F o l k e s t o n e  Beds t o  t h e  w e s t  of 
Hammer Pond (TQ 911401)  t o  t h e  s o u th  of t h e  s tu d y  s i t e  ( T h u r r e l l ,  
R.G. e t  a l . ,  1968 ,  p . 9 4 ) .
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The s o i l s  o f  T h u r s l e y  Common a r e  podzo l  i c ,  sandy and 
s t r u c t u r e l e s s .  R e s u l t s  from g r a i n  s i z e  a n a l y s i s  ( a p p e n d i x  D) show 
t h a t  t h e  s o i l  i s  a sand (U.S .D .A.  , 1951 ,  p . 2 0 9 ) .  The upper  h o r i z o n  
sampled  i n  t h e  s tu d y  i s  composed of  94 p e r c e n t  s a nd ,  one p e r c e n t  
s i l t  and  two p e r c e n t  c l a y .  T h e re  i s  a one c e n t i m e t r e  o r g a n i c  l a y e r  
a t  t h e  s u r f a c e .  The b l e a c h e d  Ae h o r i z o n  h a s  a pH of  4 . 2  and e x t e n d s  
down t o  130-140  c e n t i m e t r e s  f rom t h e  s u r f a c e .  T he re  i s  nowhere 
e v id e n c e  of  f a u n a l  a c t i v i t y .  The p o s t s  a r e  f a r  enough away from t h e  
t r e e s  t o  a v o i d  i n t e r f e r e n c e  from t h e  r o o t i n g  s y s te m s  and any g r a s s  
had  v e r y  s h a l l o w  r o o t s .  T h e re  w e re  no s t o n e s  i n  t h e  Ae h o r i z o n  and 
no s i g n s  o f  w a t e r  l o g g i n g  i n  t h e  Bh h o r i z o n .  The a r e a  i s  t h e r e f o r e  
f r e e l y  d r a i n e d .
The o v e r h e a d  e l e c t r i c i t y  s u p p ly  l i n e  r u n s  w e s t  t o  e a s t  a c r o s s  
t h e  Common from T r u x f o r d  C o t t a g e  (TQ 898406)  t o  Warren  Mere (TQ 
91840 8 ) ,  T h e r e  a r e  tw en ty  p o s t s ,  a l l  medium s i z e d ,  27 ,9 -  30 ,5  
c e n t i m e t r e s  (11 -  12 i n c h e s )  a n d  i n t r o d u c e d  i n t o  t h e  s o i l  d u r i n g  t h e  
w i n t e r  of 1 9 5 1 - 1 9 5 2 ,  The p o s t s  i n  t h e  e x t r e m e  w e s t  a r e  s u r r o u n d e d  
by v e g e t a t i o n  and  i n a c c e s s i b l e  w h e r e a s  t h e  p o s t s  i n  t h e  e a s t  a r e  
s i t u a t e d  i n  c u l t i v a t e d  g a r d e n s  ( S i l k m i l l  C o t t a g e s ) ,  I n  t h e  
c o n i f e r o u s  w o o d la n d ,  n e a r  W a r re n  Mere,  a p o s t  was fo u n d  t o  s a t i s f y  
a l l  of  t h e  c o n s t r a i n t s  ( p l a t e  2 , 5 ) ,
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2 .4  C o l l e c t i o n  o f  s o i l  samples
To e s t a b l i s h  t h e  t e c h n i q u e  of c a r e f u l l y  c o l l e c t i n g  s o i l  
s a m p l e s ,  w i t h  minimum d i s t u r b a n c e  t o  t h e  s o i l  s t r u c t u r a l  
c h a r a c t e r i s t i c s ,  a p i l o t  s tu d y  was c a r r i e d  ou t  a t  Ockham Common.
The s t a n d a r d  p r o c e d u r e  was t o  use Kub iena  t i n s  ( 8 . 0  x 6 .5  x 4.0  
c e n t i m e t r e s ) .  Numerous p rob lem s  a r o s e  when m a n u a l ly  i n s e r t i n g  them 
and s u b s e q u e n t l y  a t o o l  was d e v e l o p e d  t o  overcome t h i s .  In  most of 
t h e  f i n a l  s a m p l in g  b r a s s  t u b e s  ( 6 . 5  x  2 .5  and 6.5 x 4 .0  c e n t i m e t r e s )  
w e re  u s e d  a n d  f o u n d  t o  be f a r  more  e f f i c i e n t  t h a n  t i n s  f o r  our  
p u r p o s e s .  Two methods  w e re  u s e d  t o  c o l l e c t  t h e  s o i l ,  t h e  f i r s t  
n e c e s s i t a t e s  t r e n c h e s  dug a t  r i g h t  a n g l e s  t o  t h e  p o s t  w h e r e a s  t h e  
second  i n v o l v e s  t i n s  o r  t u b e s  pu s h e d  down from t h e  s u r f a c e  of  t h e  
s o i l .  The l a t t e r  m e thod  c a u s e s  t h e  l e a s t  d i s t u r b a n c e  t o  t h e  s o i l  
bu t  i t s  u se  i s  l i m i t e d  by t h e  amount of  s u r f a c e  v e g e t a t i o n .
The f u l l  e x t e n t  of  t h e  d e n s i t y  p a t t e r n  was n o t  known. I t  may 
e x t e n d  t o  a m e t r e  o r  more o r  on ly  a  few c e n t i m e t r e s .  Sampling was 
c a r r i e d  o u t  t o  60 c e n t i m e t r e s  f rom t h e  c i r c u l a r  boundary of t h e  
p o s t ,  A g r e a t  d e a l  of p a t i e n c e  i s  n e e d e d  t o  e n s u r e  t h a t  a b s o l u t e  
minimum d i s t u r b a n c e  i s  c a u s e d  t o  t h e  s o i l  s t r u c t u r e  when e x c a v a t i n g  
t h e  s a m p l e s .  A l l  of  t h e  s i t e s  w e r e  on p u b l i c  g round  and  t h e r e f o r e  
no s a m p l in g  c o u l d  be l e f t  u n f i n i s h e d  a n d  r e t u r n e d  t o  a t  a l a t e r  
d a t e .  I t  may t a k e  up t o  f i v e  h o u r s  t o  remove 40 samples  and  f o r  
t h i s  r e a s o n  ea ch  p o s t  was t r e a t e d  i n  two s e c t i o n s .  For i n s t a n c e  t h e  
s o i l  on t h e  down s l o p e  s i d e  was c o l l e c t e d  one day and t h e  f o l l o w i n g  
day t h e  up s l o p e  s i d e  was sam pled .
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I t  was i n t e n d e d  t o  space out t h e  t i n s  o r  t u b e s  e v e n ly  r e l a t i v e  
t o  ea ch  o t h e r  and p l a c e  them in  a t  a c o n s t a n t  d e p th  ( t h r e e  
c e n t i m e t r e s ) .  T h i s  p roved  t o  be i m p o s s i b l e ,  e s p e c i a l l y  w i th  t h e  
t i n s ,  due t o  t h e  h e t e r o g e n e i t y  of t h e  s o i l ,  even though  th e  s i t e s  
had be e n  c h o s e n  f o r  f u l f i l l i n g  t h e  c o n s t r a i n t s  such a s  a minimum 
amount  of  v e g e t a t i o n  and  f a u n a  i n  a n  a t t e m p t  t o  e l i m i n a t e  t h i s  
p ro b le m .  I n  t h e  f i r s t  method t h e  o n l y  p r a c t i c a l  s o l u t i o n  was t o  
push t h e  t i n s / t u b e s  i n t o  t h e  s o i l  p r o f i l e  a t  v a r y i n g  d e p t h s .  The 
second  method  overcame t h e  p rob lem  b u t  i t  was hampered  by t h e  f a c t  
t h a t  t h e r e  must  be v e r y  l i t t l e  s u r f a c e  v e g e t a t i o n  b e f o r e  i t  can be 
u s e d .
i .  Us ing  t r e n c h e s .
A s h a l l o w  t r e n c h  (3 5 -4 0  c e n t i m e t r e s )  was e x c a v a t e d  
a p p r o x i m a t e l y  60 c e n t i m e t r e s  away from t h e  p o s t  on t h e  down s lo p e  
s i d e .  The s o i l  p r o f i l e  f a c e  n e a r e s t  t h e  p o s t  was c l e a n e d  and 
a l i g n e d  t o  t h e  v e r t i c a l .  Manual i n s e r t i o n  o f  t h e  Kubiena t i n s  
p ro v ed  t o  be v e r y  d i f f i c u l t  b e c a u s e  of  t h e  l a c k  o f  room f o r  a d e q u a t e  
l e v e r a g e  t o  push them smooth ly  i n t o  t h e  s o i l .  S h a r p e n i n g  one end of  
t h e  t i n s  t o  f a c i l i t a t e  e a s i e r  i n s e r t i o n  was found  t o  be i m p r a c t i c a l .  
I n  m os t  c a s e s  t h e  t i n s  r o t a t e d  a b o u t  one of  t h e i r  c o r n e r s  and  i t  was 
f e l t  t h a t  t h i s  c a u s e d  s i g n i f i c a n t  d i s t u r b a n c e  t o  mos t  of  t h e  s o i l .  
Wooden g u i d e s  w e r e  f i t t e d  t o  a o n e - t o n  s c i s s o r  j a c k  and  t h i s  t o o l  
e n a b l e d  a t i n  t o  be pushed  i n t o  t h e  s o i l  w i t h  a c o n s t a n t ,  smooth 
a c t i o n  and  e v e n  p r e s s u r e  ( p l a t e  2 . 6 ) .
Between f i v e  t o  e i g h t  t i n s  w e re  i n s e r t e d  a l o n g  t h e  t r e n c h  and 
o n l y  when t h e y  were  a l l  i n  p o s i t i o n  was t h e  s c i s s o r  j a c k  removed .  
T h i s  e n s u r e d  t h a t  t h e  minimum amount of  s o i l  was l o s t  d u r i n g  t h e  
e x c a v a t i o n .  Each t i n  was f i t t e d  w i t h  a l i d  b e f o r e  t hey  were
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c a r e f u l l y  removed by c u t t i n g  a ro u n d  e a c h  one w i t h  a sh a rp  k n i f e .  A 
s m a l l  amount of s o i l  was l e f t  p r o j e c t i n g  o u t  of t h e  back of  t h e  t i n  
and  t h i s  ne e ded  t o  be c a r e f u l l y  l e v e l l e d  o f f  b e f o r e  t h e  second  l i d  
was f i t t e d .  In  t h e  e ve n t  of  a p e b b l e  o r  d e c a y i n g  p i e c e  of o r g a n i c  
m a t t e r  p r o j e c t i n g  ou t  of t h e  t i n  t h e  sample  was r e j e c t e d .  The 
s am p les  w e r e  s e a l e d  w i t h  s t i c k y  t a p e  and l a b e l l e d  w i t h  r e s p e c t  t o  
p o s i t i o n  from t h e  p o s t  and o r i e n t a t i o n .  A f t e r  a l l  t h e  samples  had 
be e n  removed ,  t h e  s o i l  f a c e  had  t o  be r e - c l e a n e d  and  r e - a l i g n e d  t o  
t h e  v e r t i c a l .  The p r o c e d u r e  was r e p e a t e d  a b o u t  f i v e  or  s i x  t i m e s  
u n t i l  t h e  f i n a l  t r e n c h  was a l m o s t  a d j a c e n t  t o  t h e  p o s t .  Once a l l
t h e  n e c e s s a r y  sam ples  w e r e  removed ,  s a f e l y  s e a l e d  and l a b e l l e d  t h e
a r e a  o f  g round  was ba c k  f i l l e d .  The p r o c e d u r e  was c o m p l e t e l y  
r e p e a t e d  on  t h e  o t h e r  s i d e  of  t h e  p o s t .
When b r a s s  t u b e s  ( 6 . 5  x 2 .5  and 6 .5  x 4 .0  c e n t i m e t r e s )  were
u s e d  t h e  method  was i d e n t i c a l  t o  t h a t  above  f o r  t i n s .  The m ajo r  
d i f f e r e n c e  was t h a t  t u b e s  c o u ld  be i n s e r t e d  m a n u a l l y .  A s m a l l  
p l a s t i c  bung was f i t t e d  o v e r  one end  t o  a l l o w  t h e  tube  t o  be pushed 
i n t o  t h e  s o i l  p r o f i l e .  The t u b e s  w e r e  u s u a l l y  c u t  a l i t t l e  l o n g e r  
t h a n  was r e q u i r e d  so t h a t  i t  was n o t  n e c e s s a r y  t o  c o m p l e t e l y  push 
them i n t o  t h e  s o i l  f a c e .  T h i s  e n s u r e d  t h a t  s o i l  was n o t  compac ted 
a t  t h e  e xposed  e nd  on  i n s e r t i o n .  A 60 d e g r e e  chamfer  was pu t  on t o  
one end of  t h e  t u b e s  t o  p roduce  a s h a r p  c u t t i n g  e d g e .  P a r a f i l m  
s e a l i n g  t i s s u e  was u s e d  t o  s e a l  t h e  ends o f  t h e  t u b e s  b e f o r e  they  
were  f i n a l l y  l a b e l l e d .
-  5 8 -
i i .  D i r e c t  i n s e r t i o n .
T h i s  method  was o n ly  used  w i t h  t u b e s .  They were m a n u a l ly  
pushed  down i n t o  t h e  s u r f a c e  of  t h e  s o i l  t o  a c o n s t a n t  d e p t h .  Care 
was t a k e n  t o  e n s u r e  t h a t  they  were  i n s e r t e d  v e r t i c a l l y  and i f  any 
o b s t r u c t i o n  was e n c o u n t e r e d ,  such as  r o o t s  o r  s t o n e s  t h e  sample was 
r e j e c t e d .  Tubes t o  be i n s e r t e d  on t h e  one s id e  of t h e  p o s t  w e r e  a l l  
c a r e f u l l y  pushed  i n  b e f o r e  any were  e x c a v a t e d  ( p l a t e  2 . 7 ) .  They 
were removed i n d i v i d u a l l y  w i t h  a s h a r p  k n i f e  and any s o i l  l e f t  
p r o j e c t i n g  o u t  of  t h e  bo t tom was l ev e l l e d  o f f  ( p l a t e  2 . 8 ) .  A ga in ,  i f  
t h e r e  was a p e b b l e  o r  r o o t  p r o j e c t i n g  o u t ,  t h e  sample was 
a u t o m a t i c a l l y  r e j e c t e d .  They w ere  s e a l e d  w i t h  P a r a f i l m  and each  
sample was l a b e l l e d  w i t h  r e s p e c t  t o  d i s t a n c e  from t h e  p o s t  and 
o r i e n t a t i o n .
2 .5  Summary of  c o n c l u s i o n s
A number of  c o n c l u s i o n s  can  be drawn from t h i s  i n i t i a l  f i e l d  
work.  The t u b e s  w e r e  a f a r  m ore  e f f i c i e n t  way of  c o l l e c t i n g  s o i l .  
F i r s t l y ,  th e y  were  much e a s i e r  t o  i n s e r t  m a n u a l l y .  The 60 d e g r e e  
chamfer  meant  t h a t  t h e y  e n t e r e d  t h e  s o i l  q u i t e  s m o o th ly .  S e c o n d ly ,  
t h e r e  h a s  b e e n  v e r y  l i t t l e  w ork  p u b l i s h e d  on  t h e  ' e d g e  e f f e c t '  of  a 
t i n  o r  tube  on s o i l  m i c r o - s t r u c t u r e .  A f t e r  i n v e s t i g a t i n g  t h e  
prob lem f u r t h e r ,  t h e  S o i l  S c i e n c e  Depar tm ent  a t  R o tha m s tea d  d i d  make 
a comment s a y i n g  t h a t  t h e y  f e l t  t h e  e f f e c t  was o n l y  a m a t t e r  of  a 
few m ic r o n s  (Murphy, p e r s o n n e l  com m unica t io n ,  1 9 8 2 ) .  From 
s u b s e q u e n t  e x p e r i e n c e  of s t u d y i n g  h u n d re d s  o f  s e c t i o n s ,  t h i s  v iew  i s  
borne o u t . A c y l i n d r i c a l  shape  h e l p e d  t o  m in i m i z e  t h e  prob lem 
be c ause  i t  gave t h e  maximum volume f o r  amount of e d g e .  T h i r d l y ,  
b r a s s  t u b i n g  was used  b e c au s e  i t  was r e a d i l y  a v a i l a b l e  and  i t s
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C o l l e c t i o n  o f  sol  I s a m p l e s  u s i n g  t u b e s
p l a t e  2 . 7  b
—  60  -
p r o p e r t i e s  e n a b l e d  q u i t e  a s m a l l  gauge of m e ta l  t o  be used  (16 
gauge ,  1 .626  m i l l i m e t r e s )  w h i l e  m a i n t a i n i n g  a good de a l  of s t r e n g t h .  
Kubiena t i n s  r e q u i r e  a w orkshop  and  s p e c i a l  t o o l s  t o  be made 
p r o p e r l y .  I f  t h i s  s e r v i c e  i s  n o t  a v a i l a b l e  t h e n  t h e y  have t o  be 
p u r c h a s e d  from an o u t s i d e  s o u r c e .  I t  was found  t h a t  t h e s e  o f t e n  
h ave  a p o l i c y  of a minimum o r d e r  which  can be a s  l a r g e  a s  5 0 0 .  The 
t u b e s  a r e  t h e r e f o r e  f a r  c h e a p e r  i n  t e rm s  of  money and i n  t i m e .
Of t h e  two methods  i n v e s t i g a t e d  f o r  i n s e r t i n g  t h e  t i n s  o r  
t u b e s ,  t h e  one which d i d  n o t  i n v o l v e  t h e  e x c a v a t i o n  of  t r e n c h e s  was 
t h o u g h t  t o  be t h e  most  s u c c e s s f u l .  D igg ing  a t r e n c h  and c l e a n i n g  
and  a l i g n i n g  t h e  s o i l  p r o f i l e  f a c e  meant  t h a t  a l o t  of  t h e  p o t e n t i a l  
s a m p l in g  a r e a  was  l o s t  b e c au s e  of i r r e v e r s i b l e  d i s t u r b a n c e .  The 
t u b e s  c a n  a l s o  be i n s e r t e d  a t  e q u a l  d i s t a n c e s  f rom t h e  p o s t  i n  a 
s e m i - c i r c u l a r  p a t t e r n  when d i r e c t  i n s e r t i o n  i s  u s e d .  I t  was  
d i f f i c u l t  d i g g i n g  s t r a i g h t  t r e n c h e s  a t  r i g h t  a n g l e s  t o  t h e  p o s t  and  
c u r v e d  t r e n c h e s  would  have  posed  a s e v e r e  p rob lem . The m a jo r  
d raw back  o f  t h e  d i r e c t  s u r f a c e  i n s e r t i o n  method i s  t h a t  i t  i s  n o t  
p r a c t i c a l  when t h e r e  i s  a l o t  of  s u r f a c e  v e g e t a t i o n .
At O beron  Glade  t h e r e  was a sm a l l  amount of s u r f a c e  v e g e t a t i o n
hence  t h e  a r e a  a ro u n d  t h e  p o s t  was d i v i d e d  i n t o  two s e c t i o n s ,  up
s l o p e  and  down s l o p e ,  and t h e n  s o i l  was removed i n  t u b e s  by means of
d i g g i n g  a t r e n c h  and w o r k i n g  tow ards  t h e  p o s t .  3 5 s am ples  w e r e  
c o l l e c t e d  from up s l o p e  of t h e  p o s t  and 38 on t h e  down s lo p e  s id e  
( p l a t e  2 . 9 ) .  At T h u r s l e y  Common, t h e  same method  was  used  on t h e  
e a s t  s i d e  bu t  on t h e  w e s t  s i d e  t u b e s  w e re  pushed  d i r e c t l y  down i n t o  
t h e  s o i l .  47 s a m p l e s  w e re  c o l l e c t e d  on  t h e  w e s t  s i d e  of  t h e  p o s t  
and  42 on t h e  e a s t  s i d e  ( p l a t e  2 . 1 0 ) .  In  a l l  c a s e s  t u b e s  w e r e  used  
i n  p r e f e r e n c e  t o  Kubiena  t i n s .  The samples  w e r e  i m m e d i a t e l y
“ 6 1 “
r e t u r n e d  t o  t h e  l a b o r a t o r y  and p r e p a r e d  f o r  i m p r e g n a t i o n  on t h e  day 
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I I I  LABORATORY TECHNIQUES
S o i l  s a m p le s  c o l l e c t e d  from Oberon Glade and T h u r s l e y  Common 
had t o  be i m p r e g n a t e d  b e f o r e  t h i n  s e c t i o n s  cou ld  be made.  R e s in  was 
f ound  t o  be t h e  e f f i c i e n t  way of a c h i e v i n g  t h i s  bu t  i t  was n e c e s s a r y  
t o  remove any w a t e r  f rom t h e  samples  p r i o r  t o  i m p r e g n a t i o n .  The 
p rob le m s  a s s o c i a t e d  w i t h  removing w a t e r  f rom t h e  s a m p l e s  a r e  
d i s c u s s e d  w i t h  p a r t i c u l a r  r e f e r e n c e  t o  c e r t a i n  t e c h n i q u e s .  The re  i s  
a  b r i e f  r é sum é  of  t h e  m a t e r i a l s  t h a t  have  been  u s e d  t o  i m p r e g n a t e  
s o i l ,  t h e  modern  p l a s t i c s  now a v a i l a b l e  and  t h e  r e a s o n s  f o r  choosing 
t h e  p a r t i c u l a r  r e s i n  u s e d  i n  t h e  r e s e a r c h .  The i m p r e g n a t i o n  method 
u s e d  i s  t h e n  l i s t e d .
3 .1  D r y i n g  t h e  Samples
I f  a sam ple  i s  l o o s e  and  f r i a b l e  i t  i s  n e c e s s a r y  t o  c o n s o l i d a t e  
i t  b e f o r e  s e c t i o n s  a r e  made and p r o c e s s e d  u s i n g  manua l  and a u t o m a t i c  
r o c k  s e c t i o n i n g  e q u i p m e n t .  I t  i s  u s u a l  t o  i m p r e g n a t e  w i t h  a low 
v i s c o s i t y  s u b s t a n c e ,  such as  r e s i n ,  which h a r d e n s  o n  t h e  a d d i t i o n  o f  
a c a t a l y s t .  Most s o i l  has  some w a t e r  i n  t h e  p o r e s .  T h e r e  a r e  no 
r e s i n s  t h a t  a r e  m i s c i b l e  w i t h  w a t e r  t h a t  a r e  s u f f i c i e n t l y  h a r d  when 
c u r e d  ( F i t z P a t r i c k ,  1980)  . T h e re  a r e  some waxes bu t  t h e s e  have  
t h e i r  l i m i t a t i o n s .  For i n s t a n c e ,  Carbowax 6000 t e n d s  t o  c r y s t a l l i z e  
i n  t h e  fo rm of  s p h e r u l i t e s ,  a l t h o u g h  t h i s  can  be g r e a t l y  r e d u c e d  by 
u l t r a - r a p i d  c o o l i n g  o f  t h e  i m p r e g n a t e d  sample  i n  F r e o n  22 ( G i l l o t t ,
1 9 7 3 ) .  I t  i s  a l s o  l i a b l e  t o  show s u r f a c e  sm e a r ing  d u r i n g  g r i n d i n g
and  v e r y  l i t t l e  i s  known a b o u t  t h e  mechanism of  i t s  exchange  w i t h
w a t e r  or  t h e  p o s s i b l e  complex f o r m a t i o n  w i t h  c l a y  ( G r e e n e - K e l l y , Chapman
& P e t t i f f e r ,  ( 1 9 7 0 ) .  I t  was t h e r e f o r e  n e c e s s a r y  t o  remove any w a t e r
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p r i o r  t o  i m p r e g n a t i o n  w i t h  a r e s i n .  T h e re  a r e  two main ways of  
do in g  t h i s ,  c o m p le te  removal  of w a t e r  from t h e  i n t e r s t i c e s  and w a t e r  
r e p l a c e m e n t  by a l i q u i d  which i s  m i s c i b l e  w i t h  r e s i n .
i .  Complete  w a t e r  r e m o v a l .
The most  d i r e c t  way of  ove rcom ing  t h e  problem of w a t e r  i n  a 
sample  i s  t o  s im p ly  remove i t  f rom t h e  s o i l .  T h e re  a r e  v a r i o u s  ways 
o f  a c h i e v i n g  t h i s  and  t h e y  a r e  now d i s c u s s e d .
( a )  A i r  and o v e n  d r y i n g
The s i m p l e s t  method  i s  t o  a l l o w  t h e  sample t o  dry ou t  a t  room 
t e m p e r a t u r e  (20 d e g r e e s )  o r  i n  a n  o ve n  (40 -50  d e g r e e s ) .  Although  
t h e s e  a r e  n o t  d r a s t i c  t r e a t m e n t s  s am ple  c r a c k i n g  and  s h r i n k i n g  i s  
o f t e n  i n e v i t a b l e  due t o  s u r f a c e  t e n s i o n  f o r c e s  a t  t h e  a i r / w a t e r  
i n t e r f a c e .  The a c t u a l  o r i e n t a t i o n  of  t h e  m i n e r a l  p a r t i c l e s  may a l s o  
be a l t e r e d  ( G i l l o t t ,  1 9 7 3 ) .  Oven d r y i n g  o f  s i l t y  s o i l s  a p p e a r s  t o  
i n c r e a s e  t h e  p o r o s i t y ,  c a u s i n g  a n  i n c r e a s e  i n  t h e  s i z e  of a l l  p o r e s  
(Murphy,  1 9 8 2 ) .  I n  g e n e r a l ,  a i r  o r  oven  d r y i n g  can  be used  f o r  
r o u t i n e  t h i n  s e c t i o n s  bu t  t h e y  s h o u ld  bu t  a v o i d e d  when q u a n t i f y i n g  
s t r u c t u r a l  components  f rom t h i n  s e c t i o n s .
( b )  F r e e z e  d r y i n g
When d e a l i n g  w i t h  s m a l l  s a m p le s  ( 5 x 5  c e n t i m e t r e s )  t h e  b a s i c  
t e c h n i q u e  i s  t o  immerse t h e  s o i l  i n  l i q u i d  n i t r o g e n  ( t e m p e r a t u r e s  
can  be a s  low a s  -180  d e g r e e s ) .  Qu ick  f r e e z i n g  o c c u r s  i n  a few 
m i n u t e s  and  t h e n  t h e  samples  a r e  p l a c e d  i n  a f r e e z e  d r y e r  f o r  a few 
d a y s .  They a r e  now rea d y  f o r  i m p r e g n a t i o n .  For l a r g e r  s a m p le s ,  
such  as  s l a b s  o r  c o r e s ,  C r e v e l l o ,  Rine and Lane  sky (1981)  s u g g e s t  
t h a t  t h e  s am ples  a r e  f u r t h e r  t r e a t e d  by i n s e r t i n g  them i n t o  a p r e ­
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c o o l e r  d r y e r  w i t h  t h e  s h e l v e s  and c o n d e n se r  below 0°C.  The chamber 
i s  e v a c u a t e d  t o  100 m i c r o n s  of  mercury and t h e  c o n d e n s e r  f u r t h e r  
c o o le d  t o  - 4 0  d e g r e e s .  M a i n t a i n i n g  t h e  c o n d e n s e r  a t  t h i s  
t e m p e r a t u r e ,  t h e  s h e l v e s  a r e  h e a t e d  i n  25 d e g r e e  i n c r e m e n t s  t o  125 
d e g r e e s  w i t h i n  two t o  t h r e e  h o u r s .  They a r e  l e f t  i n  t h e  chamber f o r  
e i g h t  t o  t w e l v e  h o u r s  a t  125 d e g r e e s .  C r e v e l l o  e t  a l . a l s o  f e e l  
t h a t  f r e e z e - d r i e d  s a m p l e s  s h o u ld  be i m p r e g n a t e d  a s  soon a s  t h e y  a r e  
dry b e c a u s e  t h e y  a r e  t h e n  l e s s  s u s c e p t i b l e  t o  damage.  I f  t h i s  i s  
n o t  p o s s i b l e  t h e  s o i l  i s  b e s t  s t o r e d  i n  an  oven  a t  100 d e g r e e s  o r  i n  
a n  a i r t i g h t  chamber  w i t h  d e s i c c a n t .
S h r i n k i n g  o f  t h e  sample  by s u r f a c e  t e n s i o n  f o r c e s  i s  m in im iz ed  
i n  t h i s  m e thod  b e c a u s e  i c e  i s  removed by s u b l i m a t i o n  and  a m e n i s c u s  
i s  n o t  fo rm e d  i n  t h e  p o r e s .  One of  t h e  p rob le m s  w i t h  f r e e z i n g  t h e  
w a t e r  i s  t h a t  t h e r e  i s  a n i n e  p e r c e n t  i n c r e a s e  i n  s p e c i f i c  vo lume 
when w a t e r  i n  b u l k  i s  c o n v e r t e d  t o  i c e .  G i l l o t t  (1973)  t h i n k s  t h i s  
o n l y  becomes s i g n i f i c a n t  i n  s o i l  wh ich  h a s  w a t e r  i n  r e l a t i v e l y  l a r g e  
v o i d  s p a c e s .  The m ain  p rob lem  w i t h  f r e e z e  d r y i n g  i s  t o  p r e v e n t  t h e  
g rowth  of i c e  c r y s t a l s .  I ce  n u c l e a t o r s  (amino a c i d s ,  m e t a ld e h y d  e )  
h ave  be e n  added  t o  p o r e  s o l u t i o n s  b e c a u s e  t h i s  p ro m o te s  s m a l l  i ce  
c r y s t a l s  t o  fo rm  i n  t h e  i n t e r s t i t i a l  s p a c e s .  T h i s  i s  t h o u g h t  t o  
have  l e s s  e f f e c t  on t h e  f a b r i c  t h a n  a l l o w i n g  l a r g e  c r y s t a l s  t o  grow. 
The most  e f f e c t i v e  way t o  p r e v e n t  s t r u c t u r a l  damage from ice  
c r y s t a l s  i s  t o  c o n v e r t  p o r e  w a t e r  t o  i c e  g l a s s  by r a p i d  c o o l i n g  
( -1 2 0  d e g r e e s ) ,  h ig h  v i s c o s i t y  i n  t h e  l i q u i d  n e a r  t h e  f r e e z i n g  p o i n t  
and  d e p r e s s i o n  of  t h e  f r e e z i n g  p o i n t  by t h e  a d d i t i o n  of  a p p r o p r i a t e  
s o l u t e s .  I t  i s  a l o n g  and  c o m p l i c a t e d  p r o c e s s  and  c a r e  must  be 
t a k e n  t o  e n s u r e  t h a t  t h e  sudden  d r o p  o f  t e m p e r a t u r e  does  n o t  c a u se  
t h e  s o i l  sample  t o  s h a t t e r .  Many of  t h e  above  p rob lem s  can  be 
r e d u c e d  i f  t h e  w a t e r  i s  i n i t i a l l y  r e p l a c e d  w i t h  an  o r g a n i c  compound
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such a s  amyl  a c e t a t e  CBoyde and Wood, 1 969) b e f o r e  f r e e z e  d r y i n g .  
A n o th e r  v iew i s  t o  no t  remove t h e  i c e  but  examine t h e  s o i l  in  i t s  
f r o z e n  s t a t e .  Some s t e r e o - s c a n s  (Cambr idge)  a l l o w  t h i s  bu t  i t  can 
be a v e r y  e x p e n s i v e  way t o  s o l v e  t h e  p rob le m .  Murphy (1982)  found 
t h a t  :
" .  . f r e e z i n g  o f  samples  p r i o r  t o  i m p r e g n a t i o n  i s
somewhat  u n s a t i s f a c t o r y  i f  s a m p le s  g r e a t e r  t h a n  a few 
m i l l i m e t r e s  t h i c k n e s s  a r e  t a k e n . "
F i t z P a t r i c k  n o t e d  t h a t  c o n s i d e r a b l e  d i s t u r b a n c e  t o  t h e  s o i l  
s t r u c t u r e ,  from t h e  f o r m a t i o n  of  i c e  c r y s t a l s ,  i s  c a u s e d  when f r e e z e  
d r y i n g  s a m p le s  a s  t h i n  a s  one m i l l i m e t r e .  F r e e z e  d r y i n g  i s  a  
s u c c e s s f u l  way o f  d r y i n g  s o i l .  I t  t e n d s  t o  be a l o n g  and  t e d i o u s  
method  i f  c a r r i e d  o u t  p r o p e r l y  b u t  t h e n  i t  does  p ro d u ce  r e s u l t s  o f  a 
h i g h  s t a n d a r d .  I t  h a s  been  u s e d  e x t e n s i v e l y  f o r  s t u d y i n g  c l a y s  and 
t h i s  seems t o  be t h e  a r e a  w h e r e  i t  i s  o f  most  v a l u e .
( c )  C r i t i c a l  p o i n t  d r y i n g
G r e e n e - K e l l y  (197 3) p o i n t e d  o u t  t h a t  i f  i t  can be assumed t h a t  
s h r i n k a g e  i s  p r i n c i p a l l y  due t o  c a p i l l a r y  f o r c e s ,  r e d u c t i o n  o r  
e l i m i n a t i o n  o f  t h e  1 i q u i d - v a p o u r  i n t e r f a c i a l  t e n s i o n  s h o u ld  r e s u l t  
i n  r e d u c e d  s h r i n k a g e .  The a d d i t i o n  of  s u r f a c t a n t  s o l u t i o n s  t o  
k a o l i n  ha v e  been  shown t o  l i n e a r l y  d e c r e a s e  t h e  d r y i n g - s h r i n k a g e  a s  
t h e  s u r f a c e  t e n s i o n  of  t h e  s o l u t i o n  d e c r e a s e d  (K in g e ry  and F r a n c l ,  
1 9 5 4 ) .  When r em o u ld ed  c l a y  was d r i e d  u n d e r  n - o c t o i c  a c i d  ( s u r f a c e  
t e n s i o n  -  0 . 8 0  new tons  p e r  s q u a r e  m e t r e  (N/m^))  i t  was found  t h a t  
t o t a l  s h r i n k a g e  was a b o u t  h a l f  t h a t  of  a s i m i l a r  sample  i n  a i r  
( G r e e n e - K e l l y ,  1 9 7 3 ) .  The prob lem w i t h  t h e s e  p r o c e d u r e s  i s  t h a t  i t  
i s  o f t e n  d i f f i c u l t  t o  remove t h e  a d d i t i v e s  and  t h e r e f o r e  t héy  a r e  
deemed t o  be n o t  s u i t a b l e  f o r  sample p r e p a r a t i o n .  S h r in k a g e  h a s
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been  fo u n d  t o  be m ark e d ly  d e c r e a s e d  when s a m p le s  a r e  d r i e d  a t  
t e m p e r a t u r e s  g r e a t e r  t h a n  t h e  c r i t i c a l  t e m p e r a t u r e  of w a t e r  which  i s  
374 °C (Diamond, 1970) .
The p r i n c i p l e  which  u n d e r l i e s  t h i s  t e c h n i q u e s  i s  t h a t  a t  a  
t e m p e r a t u r e  and p r e s s u r e  above  a c e r t a i n  c r i t i c a l  p o i n t  t h e  p h y s i c a l  
p r o p e r t i e s  of  a l i q u i d  and i t s  v a p o u r  become t h e  same. With t h e  
rem oval  of t h e  boundary  l a y e r  t h e  s u r f a c e  t e n s i o n  f o r c e s  d i s a p p e a r  
and t h e  p o s s i b i l i t y  of  s t r u c t u r a l  damage on e v a p o r a t i o n  of  po re  
f l u i d s  i s  g r e a t l y  r e d u c e d .  A nderson  and  H o l l a n d  (1960)  were amongst  
t h e  f i r s t  r e s e a r c h e r s  t o  i n v e s t i g a t e  t h e  u se  of  such a method f o r  
sample  d r y i n g  a n d  a s i m i l a r  a p p ro a c h  h a s  been  used  by G i l l o t t  (1969)  
and  H o r r i d g e  and  Tamm ( 1 9 6 9 ) .  The most  d i r e c t  method i s  t o  p l a c e  
t h e  s a m p le s  i n  a s u i t a b l e  s e a l e d  c o n t a i n e r  and remove any w a t e r  a t  a 
t e m p e r a t u r e  and  p r e s s u r e  above  t h e  c r i t i c a l  p o i n t  of  w a t e r  (374 °C,  
2 2 .5 2  X 10® N/m?) .  A l t e r n a t i v e l y ,  t h e  w a t e r  can  be r e p l a c e d  w i t h  
o t h e r  m i s c i b l e  l i q u i d s  which  ha v e  c r i t i c a l  p o i n t s  a t  lower  
t e m p e r a t u r e s  and  p r e s s u r e  and  t h e n  t h e  p r o c e d u r e  r e p e a t e d  a s  b e f o r e .  
A nde r son  and  H o l l a n d  (1960)  u s e d  l i q u i d  CO2  (31 ° C ,  50 .33 x 10* 
N/m^) .  U n f o r t u n a t e l y ,  l i q u i d  CO2  i s  n o t  m i s c i b l e  w i t h  w a t e r  and a 
s e r i e s  o f  r e p l a c e m e n t s  had  t o  be employed .
One of t h e  m a j o r  d i s a d v a n t a g e s  i s  t h a t  t h e  c o n d i t i o n s  f o r  
c r i t i c a l  p o i n t  d r y i n g  a r e  s i m i l a r  t o  t h e  h y d r o t h e r m a l  c o n d i t i o n s  
t h a t  f a v o u r  r a p i d  s y n t h e s i s  a nd  a l t e r a t i o n  of  c l a y  m i n e r a l s  (Grim,  
1 9 5 3 ) .  G i l l o t t  (1973)  f e l t  t h a t  t h e r e  a r e  few i n h e r e n t  drawbacks t o  
t h e  c r i t i c a l  method when w a t e r  i s  r e p l a c e d  f i r s t .  He c o n c lu d e d  t h a t  
s am ples  d r i e d  w i t h  a n o n - p o l a r  l i q u i d  may be t h e o r e t i c a l l y  s u p e r i o r  
t o  t h o s e  d r i e d  w i t h  a p o l a r  f l u i d  such as  a l c o h o l .  A l though  he  
found  t h a t  s am ples  c r i t i c a l l y  d r i e d  from a l c o h o l  d i d  n o t  d i f f e r  i n
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e x t e r n a l  appeaj;ance^ or  f a b r i c  f rom sample d r i e d  by t h e  more i n v o l v e d  
CO2  m e th o d .  G r e e n e - K e l l y  (1973)  d i s c u s s e s  i n  d e t a i l  c r i t i c a l  p o i n t
d r y i n g  from r e p l a c e m e n t  l i q u i d s .  He does  n o t  l i k e  t h e  use of
a l c o h o l  f o r  two r e a s o n s .  F i r s t ,  h e  f e e l s  t h a t  t h e  c r i t i c a l
t e m p e r a t u r e  of  e t h y l  a l c o h o l  i s  t o o  h ig h  (243 °C)  and  f o r  t h e  method
t o  be of  g e n e r a l  a p p l i c a t i o n  a  c r i t i c a l  t e m p e r a t u r e  below 100 °C i s
n e e d e d .  Second,  when w a t e r  i s  r e p l a c e d  by a l c o h o l  i n  bhe d i f f u s e  
d o u b l e  l a y e r s  t h e r e  i s  r i s k  o f  c l a y  a g g r e g a t i o n .  He c o n c l u d e s  by 
f a v o u r i n g  a s e r i e s  r e p l a c e m e n t  of  w a t e r  w i t h  c a r b o n  d i o x i d e  and  i t s  
r em ova l  above  i t s  c r i t i c a l  p o i n t .
i i .  Wate r  r e p l a c e m e n t .
I n s t e a d  o f  c o m p l e t e l y  rem ov ing  t h e  w a t e r  i t  may be a d v a n ta g e o u s  
t o  r e p l a c e  i t  w i t h  a v o l a t i l e  l i q u i d  w h ic h  h a s  a  l o w e r  s u r f a c e  
t e n s i o n  t h a n  w a t e r  ( 7 . 2 8  N/m%) a n d  i s  m i s c i b l e  w i t h  r e s i n ,  f o r  
example a c e t o n e  ( 2 .3 7  N/m?) o r  e t h y l  a l c o h o l  ( 2 . 2 8  N/m?) .  The re  a r e  
two ways o f  a c h i e v i n g  w a t e r  r e p l a c e m e n t  namely l i q u i d  and  va pou r  
pha se  r e p l a c e m e n t .  The l i q u i d  o r  v a p o u r  exchange  can  e i t h e r  use 
p r o g r e s s i v e l y  more c o n c e n t r a t e d  a q u e o u s  s o l u t i o n s  o f  t h e  s o l v e n t  or  
t h e  p u r e  s o l v e n t  i t s e l f .  Both m ethods  w i l l  now be b r i e f l y  d i s c u s s e d  
w i t h  r e s p e c t  t o  p u r e  a c e t o n e  bu t  t h e  p r o c e d u r e  i s  t h e  same f o r  o t h e r  
l i q u i d s .
( a )  L i q u i d  p h a s e  r e p l a c e m e n t
The w e t  sample  i s  p l a c e d  i n  a x l o n  box a n d  c o v e r e d  w i t h  
a c e t o n e .  The c o n t a i n e r  i s  s e a l e d  and  l e f t  t o  s t a n d  f o r  24 h o u r s .
The a c e t o n e  i s  c a r e f u l l y  syphoned o f f  and f r e s h  a c e t o n e  i s  pou red  i n  
once more t o  c o v e r  t h e  sample .  T h i s  i s  l e f t  f o r  4 8  h o u r s  and  t h e n  
t h e  p r o c e d u r e  i s  r e p e a t e d  f o r  t h e  f o l l o w i n g  w eek .  A f t e r
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a p p r o x i m a t e l y  f i v e  or  s i x  t r e a t m e n t s  t h e  a c e t o n e  i s  t e s t e d  f o r  t h e  
p r e s e n c e  of  w a t e r  by s h a k in g  10ml of i t  up w i t h  40ml of p e t ro l eu m  
s p i r i t .  I f  w a t e r  i s  s t i l l  p r e s e n t  t h e r e  w i l l  be some t u r b i d i t y  and 
l a y e r i n g  s i n c e  a c e t o n e  i s  m i s c i b l e  i n  p e t r o l e u m  s p i r i t  w h i l e  w a t e r  
i s  n o t  ( F i t z P a t r i c k ,  1 9 8 0 ) .  G r e e n e - K e l l y  (1973)  assumed t h a t  t h e  
exchange  was c o m p le te  i f  t h e  d e n s i t y  of  dry m ethano l  p l a c e d  i n  
c o n t a c t  w i t h  a  sample  f o r  a few da y s  was  n o t  a p p r e c i a b l y  a l t e r e d .  
Whicheve r  method  i s  employed t h e  a c e t o n e  t r e a t m e n t  i s  c o n t i n u e d  i f  
t h e r e  i s  e v i d e n c e  of  w a t e r  o t h e r w i s e  t h e  a c e t o n e  i s  syphoned o f f  and 
t h e  sample i s  now r e a d y  f o r  im m ed ia te  i m p r e g n a t i o n .
T he re  i s  a p o s s i b i l i t y  of  f l u i d  m i g r a t i o n  and  i o n  i n t e r a c t i o n  
w i t h  t h i s  m e th o d .  The l i q u i d  r e p l a c e m e n t  i s  a c c o m p l i s h e d  w i t h  
minimum e f f e c t s  f rom c o n c e n t r a t i o n  g r a d i e n t s  i f  t h e  s am ples  a r e  
c o v e r e d  s u c c e s s i v e l y  i n  g r a d e d  s o l v e n t  a nd  w a t e r  m i x t u r e s  of  
i n c r e a s i n g  c o n c e n t r a t i o n .
( b )  Vapour phase  r e p l a c e m e n t
The w e t  sp e c im e n  i s  p l a c e d  o n  t h e  m e t a l  gauze  of  a d e s i c c a t o r  
c o n t a i n i n g  200ml of  a c e t o n e .  T h e r e  mus t  be a r e a s o n a b l e  space 
be tw een  t h e  sample and a c e t o n e  t o  a l l o w  f o r  e f f i c i e n t  vapou r  
e x c h an g e .  The d e s i c c a t o r  i s  s e a l e d  and  l e f t  f o r  t h r e e  d a y s .  The 
a c e t o n e  i s  syphoned o f f  and r e p l a c e d  w i t h  f r e s h  ev e ry  t h r e e  days f o r  
two w e e ks .  The a c e t o n e  i s  t e s t e d  f o r  t h e  p r e s e n c e  of w a t e r  a s  i n  
t h e  p r e v i o u s  m e thod .  I f  w a t e r  i s  s t i l l  p r e s e n t  t h e  a c e t o n e  
t r e a t m e n t  i s  r e p e a t e d  u n t i l  t h e  t e s t  shows t h a t  t h e r e  i s  no w a t e r .  The 
sample  i s  r e a d y  f o r  im m ed ia te  i m p r e g n a t i o n .
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Vapour phase  r e p l a c e m e n t  i s  p r e f e r a b l e  t o  l i q u i d  phase  s in c e  
none of t h e  s o l u b l e  m a t e r i a l  i s  removed e s p e c i a l l y  i f  a c e t o n e  i s  
g r a d e d  w i t h  w a t e r  and t h e  r e p l a c e m e n t  u s e s  m i x t u r e s  o f  i n c r e a s i n g  
c o n c e n t r a t i o n  ( F i t z P a t r i c k ,  1 9 8 0 ) .  He a l s o  fo u n d  t h a t  t h i s  
t e c h n i q u e  i s  o n ly  recommended f o r  s am ples  n o t  t h i c k e r  t h a n  two 
c e n t i m e t r e s .
Because t h e  r e s e a r c h  i s  c o n c e r n e d  w i t h  i n v e s t i g a t i n g  t h e  
m i c r o - s t r u c t u r e  of  s o i l  from t h e  e x a m i n a t i o n  o f  t h i n  s e c t i o n s ,  i t  
was i m p e r a t i v e  t o  m in i m i z e  d i s t u r b a n c e  a t  a l l  s t a g e s  of  t h e  
t e c h n i q u e .  The sa m p le s  f rom Oberon Glade  a nd  T h u r s l e y  Common w e re  
v e r y  f r i a b l e  and  had  t o  be i m p r e g n a t e d  b e f o r e  t h i n  s e c t i o n s  c o u ld  be 
made.  A i r ,  oven and  f r e e z e  d r y i n g  t e c h n i q u e s  w e r e  n o t  c o n s i d e r e d  
b e c a u s e  w i t h  t h e  f o r m e r  t h e r e  i s  a h i g h  r i s k  o f  sample d i s t u r b a n c e  
and  w i t h  t h e  l a t t e r  t h e  recommended t h i c k n e s s ,  a few m i l l i m e t r e s ,  i s  
f e l t  t o  be t o o  s m a l l .  The s o i l s  had  v e r y  l i t t l e  c l a y  and a s m a l l  
p r o p o r t i o n  o f  s i l t  hence  i t  was  d e c i d e d  t o  use  a m ethod  i n v o l v i n g  
w a t e r  r e p l a c e m e n t .  C r i t i c a l  p o i n t  d r y i n g  was f i r s t  c o n s i d e r e d  but  
i t  was f e l t  t o  be r a t h e r  e l a b o r a t e  and  t i m e  consuming f o r  s o i l s  
composed m a i n l y  of  s a nd .  The two phase  r e p l a c e m e n t s  w e re  t e s t e d  and 
v a p o u r  phase  r e p l a c e m e n t  was  fo u n d  t o  r e s u l t  i n  poor  i m p r e g n a t i o n  
b e c a u s e  of t h e  t h i c k n e s s  o f  t h e  s am ples  (maximum of  f o u r  
c e n t i m e t r e s ) .  The s o i l  s a m p le s  w e r e  a l l  c o l l e c t e d  from t h e  b l e a c h e d ,  
s t e r i l e ,  e l u v i a t e d  h o r i z o n .  Most of t h e  s o l u b l e  m a t e r i a l  h a s  
a l r e a d y  been  l e a c h e d  o u t  of  t h i s  p a r t  of  t h e  p r o f i l e  t o  a low er  
h o r i z o n .  T h e r e f o r e  i t  was f e l t  t h a t  l i q u i d  phase  r e p l a c e m e n t  w i t h  
p u r e  a c e t o n e  w ou ld  be t h e  mos t  s u i t a b l e  way of  r emov ing t h e  w a t e r  i n  
t h i s  s t u d y .
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The s am p les  w e r e  t r e a t e d  w i t h  a c e t o n e  on t h e  same day as  
c o l l e c t i o n .  T h i s  was t o  m in im iz e  t h e  r i s k  of  d r y i n g  o u t  o v e r n i g h t .  
P a r a f i l m  and s t i c k y  t a p e  wer e  r e moved from e v e r y  sample b e f o r e
c a r e f u l l y  p l a c i n g  them i n  x l o n  b o x e s .  The number i n  ea ch  box v a r i e d  
d e p e n d in g  on  t h e  s i z e  of t h e  t u b e .  Pure  a c e t o n e  was used  i n  each 
r e p l a c e m e n t .  I t  was s lo w ly  p o u r e d  down t h e  s i d e  of  t h e  boxes u n t i l  
a l l  t h e  s a m p le s  w e r e  c o v e r e d  a nd  t h e n  l i d s  w e r e  f i t t e d  t o  p r e v e n t  
t h e  a c e t o n e  from e v a p o r a t i n g  o f f .  The s o l u t i o n  was t e s t e d  f o r  t h e  
p r e s e n c e  of  w a t e r  a f t e r  a p p r o x i m a t e l y  s e v e n  t r e a t m e n t s .  When t h e  
t e s t  showed t h a t  t h e r e  was no w a t e r  p r e s e n t ,  t h e  s a m p le s  w ere  
as sumed t o  be r e a d y  f o r  i m p r e g n a t i o n  w i t h  r e s i n  and  t h e  r e m a in i n g  
a c e t o n e  was g e n t l y  syphoned o f f  ( f i g .  3 .1  a ) .
3 .2 I m p r e g n a t i n g  M a t e r i a l s
I m p r e g n a t i o n  i s  when a l i q u i d  i s  u sed  t o  f i l l  t h e  p o r e s  and 
v o i d s  w i t h i n  t h e  s p e c im e n ;  t h e  l i q u i d  t h e n  s e t s  s o l i d  b i n d i n g  t h e  
f r i a b l e  sp e c im en  t o g e t h e r  t o  fo rm  a h a r d  w o r k a b l e  m a t e r i a l .  There  
a r e  two b a s i c  t y p e s  o f  i m p r e g n a t i o n ,  s u r f a c e  and  t h o r o u g h .  S u r f a c e  
i m p r e g n a t i o n  i s  o f t e n  a l l  t h a t  i s  n e e d e d  when a spec im en  i s  s t r o n g  
enough t o  w i t h s t a n d  normal  c u t t i n g  a nd  g r i n d i n g  b u t  n o t  s t r o n g  
enough when r e d u c e d  t o  30 m i c r o n s .  The same p r i n c i p l e  i s  used  i n  
t h e  f i e l d  f o r  p e e l s  and  i m p r e s s i o n s  when r e s i n  i s  s p r a y e d  o r  b r u s h e d  
o n t o  a s u r f a c e .  The s o i l  u s e d  i n  t h i s  r e s e a r c h  was n o n - c o h e s i v e  and 
f r i a b l e  and  i n  a l l  c a s e s  i t  was  n e c e s s a r y  t o  i m p r e g n a t e  t h o r o u g h l y .  
The f o l l o w i n g  d i s c u s s i o n  t h e r e f o r e  c o n c e n t r a t e s  on t e c h n i q u e s  and  
m a t e r i a l s  a s s o c i a t e d  w i t h  th o ro u g h  i m p r e g n a t i o n  bu t  many of  t h e  
r e s i n s  m e n t i o n e d  a r e  a l s o  used  i n  s u r f a c e  i m p r e g n a t i o n .





























The i d e a l  i m p r e g n a t i o n  m a t e r i a l  s h o u ld  have low v i s c o s i t y  under  
t h e  i m p r e g n a t i o n  c o n d i t i o n s ,  i t  s h o u ld  s e t  w i t h  a minimum change i n  
vo lume  and i t  sho u ld  be n o n - p o l a r .  The a c t u a l  c o n d i t i o n s  of  
i m p r e g n a t i o n  s h o u ld  n o t  be so e x t r e m e  a s  t o  r i s k  any changes  i n  
o p t i c a l  p r o p e r t i e s  and a r r a n g e m e n t  of t h e  c o n s t i t u e n t s  of  t h e  s o i l  
m a t e r i a l .  When f i n a l l y  h a r d e n e d  t h e  i m p r e g n a t i o n  m a t e r i a l  s h o u ld  be 
r e l a t i v e l y  h a rd  a t  room t e m p e r a t u r e ,  c o l o u r l e s s ,  i s o t r o p i c  i n  t h i n  
s e c t i o n  and  have  a  r e f r a c t i v e  i n d e x  a s  c l o s e  a s  p o s s i b l e  t o  t h a t  of 
Canada b a l s a m ,  t h e  c l a s s i c  medium f o r  t h i n  s e c t i o n s  o f  r o c k s .  The 
i d e a l  r e s i n  h a s  so f a r  n o t  b e e n  p r o d u c e d  and  a t  t h e  b e s t  of t im e s  
i m p r e g n a t i o n  i s  a compromise ( F i t z P a t r i c k ,  1 9 8 0 ) .  The v a r i o u s  
s u b s t a n c e s  u sed  f o r  i m p r e g n a t i n g  s o i l  and  r o c k  samples  a r e  now 
o u t l i n e d .
i .  N a t u r a l  r e s i n s .
One of t h e  f i r s t  i m p r e g n a t i o n  m a t e r i a l s  t o  be used  was Canada 
ba lsam d i s s o l v e d  i n  x y l o l .  T o g e t h e r  w i t h  K o l l o l i t h  ( R o s s ,  1924)  and  
Dammar r e s i n  t h e y  have  be e n  t h e  most  p o p u l a r  n a t u r a l  r e s i n s .  They 
r e q u i r e  p r o l o n g e d  h e a t i n g  o r  " c o o k i n g "  t o  r e d u c e  t h e i r  v i s c o s i t y  t o  
e n s u r e  th o ro u g h  i m p r e g n a t i o n  and  t h i s  i n c r e a s e s  t h e  p o s s i b i l i t y  of 
sample  d i s t u r b a n c e .  Dammar r e s i n  i s  l i k e l y  t o  become b r i t t l e  and  
c r a z e  w i t h  t im e  and  b a l s a m  i s  e a s i l y  ove rc ooke d  (115 °C) d u r i n g  t h e  
h a r d e n i n g  p r o c e s s  w h ic h  c a u s e s  i t  t o  d a rk e n .  Allman and  Lawrence 
(1972)  f e e l  t h a t  n a t u r a l  r e s i n s  have  f a l l e n  i n t o  d i s f a v o u r  i n  r e c e n t  
y e a r s  b e c a u s e  i t  h a s  be e n  r e a l i s e d  t h a t  t h e  d e g r e e  of p e n e t r a t i o n  
i n t o  many s p e c im e n s  i s  v e r y  low. C u t t i n g  and  g r i n d i n g  c a n  be a 
problem s i n c e  many n o n - p o l a r  l u b r i c a n t s ,  such a s  k e r o s e n e ,  c a n n o t  be 
used  be c a u s e  t h e y  d i s s o l v e  t h e  r e s i n s .  W a t e r  ca n n o t  be u s e d  b e c a u s e  
i t  may cause  d i s p e r s i o n  of  t h e  f i n e - g r a i n e d  p a r t s  o f  t h e  s o i l
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m a t e r i a l .  T h e r e f o r e  g r i n d i n g  must  o f t e n  be done dry which i s  a t ime  
consuming p r o c e d u r e  be c ause  i t  r e q u i r e s  t h e  g r i n d i n g  p l a t e  t o  be 
c o o le d  w i t h  an  i c e - s a l t  m i x t u r e  t o  p r e v e n t  t h e  h e a t i n g  up and 
c o n s e q u e n t  f l o w i n g  o f  t h e  r e s i n .  N a t u r a l  r e s i n ,  e s p e c i a l l y  Canada 
b a l s a m ,  i s  now v e ry  e x p e n s i v e  when compared t o  modern s y n t h e t i c  
e q u i v a l e n t s ,  which a r e  e a s i e r  t o  use  ( F i t z P a t r i c k ,  1980)
i i .  P l a s t i c s .
The use  of p o l y m e r i z i n g  p l a s t i c s  such  a s  p o l y s t y r e n e s ,  
p o l y e s t e r s  and  epoxy r e s i n s  h a s  h e l p e d  t o  overcome some of t h e  
d i f f i c u l t i e s  e n c o u n t e r e d  w i t h  n a t u r a l  r e s i n s .  P o l y m e r i z a t i o n  i s  
e f f e c t e d  by m ix in g  t h e  r e s i n  w i t h  known q u a n t i t i e s  o f  a p a s t e  or  
l i q u i d  c a t a l y s t  and  a l i q u i d  a c c e l e r a t o r .  The r e s i n  f i r s t  s e t s ,  
t h e n  g e l s  and  f i n a l l y  c u r e s  i n t o  a h a r d  and  r e l a t i v e l y  i n f l e x i b l e  
m a t e r i a l  which  i s  s t r o n g  enough t o  be t h i n  s e c t i o n e d .  G e l l i n g  t im e  
i s  d e p e n d e n t  on t h e  amount of  c a t a l y s t  and  a c c e l e r a t o r  u s e d  and 
t e m p e r a t u r e .  Some of  t h e  e a r l i e s t  work  was done by Kubiena (1938)  
who i n t r o d u c e d  t h e r m o - l a b i l e  p l a s t i c  m a t e r i a l  f o r  t h e  p r e p a r a t i o n  of  
s o i l  t h i n  s e c t i o n s .  U n f o r t u n a t e l y  l a t e r  w o r k e r s  d i d  n o t  a c h i e v e  
s i m i l a r  s u c c e s s  w i t h  h i s  m e thod .  Bourbeau  and  B e r g e r  (1947)  
d e v e lo p e d  a method  u s i n g  C a s t o l i t e ,  a p o l y e s t e r  r e s i n ,  which became 
a s t a n d a r d  f o r  s u b s e q u e n t  w o r k e r s  f o r  many y e a r s  t o  come. Most of 
t h i s  f o l l o w i n g  work  was  m a i n l y  c o n c e r n e d  w i t h  e x p e r i m e n t i n g  w i t h  
v a r i o u s  r e s i n s  and p o l y m e r i z i n g  r a t e s .  Marco r e s i n  was used  f o r  
i m p r e g n a t i n g  s o i l  p r i o r  t o  t h i n  s e c t i o n i n g  ( A lex a n d e r  and J a c k s o n ,
J 9 5 5 ) ^  T h i s  p r o c e d u r e  was g r e a t l y  s i m p l i f i e d  by u s i n g  B a k e l i t e ,  a 
p o l y m e r i c  r e s i n  (H e pp le  and B u r g e s ,  1 9 5 6 ) .  Al lman  and  Lawrence 
(1972)  o u t l i n e d  some of  t h e  main  m a t e r i a l s  and  a s s o c i a t e d  t e c h n i q u e s  
t h a t  have  been  u sed  f o r  i m p r e g n a t i n g  s o i l  s a m p le s .  In  g e n e r a l ,  most
-  76 -
of t h e  epoxy r e s i n s  and S a n t o l i t e ,  B a k e l i t e  and L a k e s id e  70C need  t o  
be c u r e d .  T h i s  h a s  t h e  e f f e c t  of  r e d u c i n g  t h e i r  v i s c o s i t y  ( i e .  
A r a l d i t e  MY778 v i s c o s i t y  of  f o u r  p o i s e s  a t  21 °C but only 0 . 2  p o i s e s  
a t  100 °C) and t h u s  a l l o w s  f o r  more  t h o ro u g h  i m p r e g n a t io n .  A r a l d i t e  
epoxy r e s i n s  show e x c e p t i o n a l  s t r e n g t h  and a d h e s i o n  p r o p e r t i e s  
w h i l e  h a r d e n i n g  v e r y  q u i c k l y ,  f o r  example ,  from a s  l i t t l e  a s  30 
m i n u t e s  t o  f o u r  days d e p e n d i n g  on  t h e  v a r i e t y  and r e c i p e  u s e d .
Epoxy r e s i n s  now have w i d e s p r e a d  u s e  i n  t h e  p r e p a r a t i o n  of  r o c k  
s e c t i o n s  f o r  m i n e r a l o g i c a l  work  e v e n  though  t h e  A r a l d i t e  r e s i n s  
e x h i b i t  a h i g h  r e f r a c t i v e  i n d e x  o f  1 , 5 9 .  I t  i s  f e l t  t h a t  t h e  
e x o t h e r m i c  p r o c e s s  o f  h a r d e n i n g  t o g e t h e r  w i t h  t h e  n e c e s s i t y  t o  c u r e  
t o  h i g h  t e m p e r a t u r e s  o f  80 °C t o  120 °C i s  v e r y  l i k e l y  t o  cause  
s t r u c t u r a l  d i s t u r b a n c e  t o  l o o s e l y  c o n s o l i d a t e d ,  f r i a b l e  s o i l .
Recent  r e s e a r c h  i s  t e n d i n g  t o  f a v o u r  t h e  use  of c o l d  c u r e  r e s i n s  f o r  
i m p r e g n a t i n g  s o i l  s a m p l e s ,  when t h e  a im  a f t e r  t h i n  s e c t i o n i n g  i s  t h e  
q u a n t i f i c a t i o n  o f  s o i l  s t r u c t u r e s  ( B u i l o c k , J ^ ^ p h y  & W a l l e r ,  1982) .
Some epoxy r e s i n s  ( A r a l d i t e  CY219) and  p o l y e s t e r  r e s i n s  
( C r y s t i c  17449) f a l l  i n t o  t h i s  c a t e g o r y  of b e in g  a b l e  t o  c u r e  a t  
room t e m p e r a t u r e .  The m a in  p rob lem  i s  t h a t  m a t e r i a l s  o f t e n  need  t o  
be t h i n n e d  t o  r e d u c e  t h e i r  v i s c o s i t y .  T h e r e f o r e ,  t h e  h a r d e n i n g  
p r o c e s s  must  a l l o w  t im e  f o r  t h e  t h i n n e r  t o  s lo w ly  e v a p o r a t e  o f f ,  
w i t h o u t  c a u s i n g  s t r u c t u r a l  d i s t u r b a n c e ,  o t h e r w i s e  t h e  s o i l  w i l l  no t  
be s u f f i c i e n t l y  h a r d  t o  a l l o w  f o r  s e c t i o n i n g .  T h i s  means t h a t  t h e  
amount  of a c c e l e r a t o r  u sed  i s  g r e a t l y  r e d u c e d  i f  n o t  e x c lu d e d  t o  
slow down t h e  g e l l i n g  t i m e .  And i t  a l s o  h a s  t h e  p o s i t i v e  e f f e c t  of 
l o w e r i n g  t h e  e x o t h e r m i c  h e a t  peak  d u r i n g  h a r d e n i n g .  The e x t r a  t im e  
i n v o l v e d  ( 4 - 8  w e e k s ) . i s  t h o u g h t  t o  be j u s t i f i e d  when c o n s i d e r i n g  
u s i n g  t h e  t h i n  s e c t i o n s  f o r  s t r u c t u r a l  i n v e s t i g a t i o n .
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i i i .  P o l y e t h y l e n e  g l y c o l  ( C a rb o w a x ) .
Car bow ax  i s  one of t h e  few s u b s t a n c e s  t h a t  w i l l  im p r e g n a te  w e t
s a m p l e s .  I t s  m e l t i n g  p o i n t  i s  a t  a bou t  60 °C and v i s c o s i t y  i s  q u i t e
h i g h  bu t  i m p r e g n a t i o n  a c t i o n  t a k e s  p l a c e  by d i f f u s i o n  th ro u g h  t h e  
w a t e r  c o n t a i n e d  i n  t h e  sa m p le .  I t  i s  m a n u f a c t u r e d  i n  a s e r i e s  of  
m o l e c u l a r  w e i g h t s  w i t h  Carbowax 6000 (a  p o l y e t h y l e n e  g l y c o l  f r a c t i o n  
of  a v e r a g e  m o l e c u l a r  w e i g h t  6000)  found t o  be t h e  most  u s e f u l .
T h e r e  a r e  s e v e r a l  d i s a d v a n t a g e s  when u s i n g  i t  f o r  i m p r e g n a t i o n ,  t h e
most  i m p o r t a n t  b e i n g  t h a t  i t  i s  n o t  i s o t r o p i c .  The b i r e f r i n g e n c e  i s  
v a r i a b l e ,  p e r h a p s  d e p e n d in g  t o  some e x t e n t  on t h e  w a t e r  
c o n c e n t r a t i o n  a nd  i t  som et im es  t e n d s  t o  c r y s t a l l i z e  i n  t h e  form of 
s p h e r u l i t e s .  Al lman  and  Lawrence  (1972)  p o i n t e d  o u t  t h a t  i t  h a s  
be e n  r e p o r t e d  t h a t  t h e r e  i s  a  r e a c t i o n  be tw een  p u r e  m o n t m o r i l I o n i t e  
and  Carbowax when t h e  amount of  m on tm or i l  I o n i t e  i n  a sample exceeds  
50 p e r  c e n t .  Carbowax d o e s  n o t  become a s  h a r d  a s  n a t u r a l  r e s i n s  and 
p l a s t i c s .  I t  h a s  a v a l u e  of  1 on t h e  Mohr s c a l e  of  h a r d n e s s  and 
c o n s e q u e n t l y  i t  t e n d s  t o  smear  on g r i n d i n g .  M i t c h e l l  was one
of t h e  f i r s t  w o r k e r s  t o  s u c c e s s f u l l y  use  Carbowax t o  produce  
s e c t i o n s  40 m i c r o n s  t h i c k  o f  m o i s t  c l a y .  G r e e n e - K e l l y , Chapman and  
^ e t t i f f e r  (197 0) d i s c u s s e d  a d v a n t a g e s  and d i s a d v a n t a g e s  o f  u s i n g  
Carbowax a n d  t h e y  f e l t  t h a t  i t ' s  use  was u n d e r v a l u e d  by p e d o l o g i s t s .  
They c o n c lu d e d  t h a t  p o l y e t h y l e n e  g l y c o l  f r a c t i o n s  o f  m o l e c u l a r  
w e i g h t  6000 a r e  s a t i s f a c t o r y  embedding a g e n t s  f o r  p r e p a r i n g  t h i n  
s e c t i o n s  s o i l  c o n t a i n i n g  d i f f e r e n t  amounts  o f  c l a y s .  They went  on 
t o  a p p ly  t h e  t e c h n i q u e  t o  a s tu d y  of  t h e  e f f e c t s  o f  s w e l l i n g  and  
s h r i n k i n g  on c l a y  o r i e n t a t i o n  ( G r e e n e - K e l l y  and Mackney,  1 9 7 0 ) .
T h e r e  h a s  b e e n  a l o t  of s u b s e q u e n t  use of Carbowax by e n g i n e e r i n g  
g e o l o g i s t s  t o  i m p r e g n a t e  c o r e s  a t  f i e l d  m o i s t u r e  c o n t e n t  w i t h o u t  t h e  
need  o f  s p e c i a l  a p p a r a t u s  and complex  t e c h n i q u e s .  N e v e r t h e l e s s ,  t h e
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r e s e a r c h e r  must be a w are  of  t h e  p rob lem s  and  make a l l o w a n c e s  f o r  
them in  t h e  f i n a l  a n a l y s i s .
i v .  L a t e x  s o l s
Brewer (1964 ,  p . 408)  b r i e f l y  m e n t io n e d  a method u s i n g  l a t e x  
s o l s  t o  s t a b i l i z e  s o i l s  p r i o r  t o  i m p r e g n a t i o n .  The s o i l  i s  p l a c e d  
on a w i r e  mesh g r i d  w i t h  t h e  base  i n  c o n t a c t  w i t h  t h e  s o l  t h u s  
a l l o w i n g  i t  t o  t a k e  up l a t e x  by c a p i l l a r i t y  and d i f f u s i o n .  I t  i s  
n e c e s s a r y  t o  l e a v e  i t  f o r  s e v e r a l  days  b e f o r e  d r y i n g .  The method 
does  n o t  seem t o  have  be e n  a d o p t e d  by s u b s e q u e n t  r e s e a r c h e r s  p e r h a p s  
be c a u s e  t h e  s o i l  sample  s t i l l  h a s  t o  be im p r e g n a t e d  w i t h  one of t h e  
p l a s t i c s  o r  r e s i n s  m e n t i o n e d .
3 .3  I m p r e g n a t i o n
I m p r e g n a t i o n  can  p r o c e e d  once  a l l  t h e  w a t e r  h a s  been  r e p l a c e d  
by a s u i t a b l e  l i q u i d .  The s o i l  was v e r y  s o f t ,  f r i a b l e  and  l i a b l e  t o  
c o l l a p s e  once removed from t h e  c o l l e c t i n g  t u b e s  hence  t h e  b r a s s  
t u b e s  r em a in e d  i n  p l a c e  u n t i l  t h e  c u t t i n g  a nd  g r i n d i n g  p h a s e .  The 
most  s a t i s f a c t o r y  i m p r e g n a t i o n  was o b t a i n e d  by u s i n g  a c o ld  c u r e ,  
lew v i s c o s i t y  r e s i n  and  s u b j e c t i n g  t h e  sam ples  t o  a p a r t i a l  vacuum. 
I t  was d e c i d e d  t o  use  a p o l y e s t e r  o r  epoxy r e s i n .  P o l y e s t e r  r e s i n  
needs  t h i n n i n g  t o  r e d u c e  i t s  v i s c o s i t y .  Ace tone  i s  a n  i d e a l  
s u b s t a n c e  but  i t  h a s  a low b o i l i n g  p o i n t  so c a r e  must  be t a k e n  when 
i m p r e g n a t i n g  a t  h i g h  vacuum. T h e r e  i s  e v id e n c e  t h a t  p o l y e s t e r  
r e s i n s  r e a c t  w i t h  some a l k a l i n e  s o i l s  t o  fo rm b l a c k  d r o p l e t s .  These 
a c c u m u la t e  i n  t h e  p o r e  s p a c e s  and  i m p a i r  t h e  q u a l i t y  of  t h e  t h i n  
s e c t i o n .  The s o i l s  b e in g  c o n s i d e r e d  i n  t h i s  r e s e a r c h  w e re  a c i d i c  i n  
n a t u r e  (Oberon Glade  pH -  3 . 9 ,  T h u r s l e y  Common pH -  4 . 2 ) .  The 
v i s c o s i t y  of  epoxy r e s i n s  d rops  r a p i d l y  on h e a t i n g  and  t h e r e f o r e
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t h i n n i n g  i s  no t  n e c e s s a r y .  They have  a h ig h  b o i l i n g  p o i n t  so t h a t  
i m p r e g n a t i o n  can  t a k e  p l a c e  a t  a h i g h  vacuum. The m ain  p rob lem  i s  
t h a t  some epoxy r e s i n s ,  w h e t h e r  h o t  or  c o l d ,  can r e a c t  w i t h  h i g h l y  
w e a t h e r e d  m i n e r a l s  c a u s i n g  them t o  s w e l l .  T h i s  can c a u se  m a s s i v e  
d i s t u r b a n c e  t o  t h e  s o i l  m i c r o - s t r u c t u r e .  I t  was f e l t  t h a t  t h e  
h e a t i n g  up of  epoxy r e s i n  and  s a m p le s  wou ld i n  t h e  l o n g  t e r m  cause 
more  d i s t u r b a n c e  t h a n  u s i n g  a t h i n n e r  and a p o l y e s t e r  r e s i n .
A ce tone  was a l r e a d y  i n  t h e  sa m p le s  and  t h e  e x t r a  t im e  needed  t o  
a l l o w  f o r  g e l l i n g  and  h a r d e n i n g  was  t h o u g h t  t o  be j u s t i f i e d .
C r y s t i c  r e s i n  17449 was c h o s e n  a s  t h e  i m p r e g n a t i n g  medium.
i .  C r y s t i c  r e s i n  17 4 4 9 .
C r y s t i c  r e s i n s  a r e  u n s a t u r a t e d  p o l y e s t e r  r e s i n s  w h ic h  m a i n ly  
o c c u r  as  l i q u i d s .  They c o n s i s t  of  a s o l u t i o n  of  a  p o l y e s t e r  i n  a 
monomer w h ich  i s  u s u a l l y  s t y r e n e .  The s t y r e n e  e n a b l e s  t h e  r e s i n  t o  
c u r e  f rom a l i q u i d  s t a t e  i n t o  a s o l i d  fo rm  by c r o s s l i n k i n g  t h e  
c h a i n s  of  t h e  p o l y e s t e r  w i t h o u t  t h e  e v o l u t i o n  o f  any b y - p r o d u c t s .  
They can  be m ou lded w i t h o u t  t h e  u s e  of p r e s s u r e  and  a r e  r e g a r d e d  a s  
b e i n g  c o n t a c t  o r  low p r e s s u r e  r e s i n s .
 R  R'  R  R'  R  R' R   p o l y e s t e r
monomer
I n  t h e  p r e s e n c e  of  a c a t a l y s t  or  i n i t i a t o r  ( F i t z P a t r i c k ,  1980)  and  
a n  a c c e l e r a t o r  t h e  s t y r e n e  c r o s s l i n k s  t h e  polymer  c h a i n s  t o  fo rm  a 
h i g h l y  complex t h r e e  d i m e n s io n a l  n e tw ork .
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The p o l y e s t e r  i s  t h e n  s a i d  t o  be c u r e d .  I t  i s  now a c h e m i c a l l y  
r e s i s t a n t  and h a r d  s o l i d .  The c r o s s l i n k i n g  o r  c u r i n g  p r o c e s s  i s  a 
form of  p o l y m e r i z a t i o n .  Th re e  s t a g e s  can  be o b s e r v e d  i n  t h e  c u r i n g  
p r o c e s s  a f t e r  t h e  c a t a l y s t  i s  a d d e d .
1 .  Gel t im e  -  p e r i o d  from t h e  a d d i t i o n  o f  c a t a l y s t  t o  t h e  s e t t i n g  
o f  t h e  r e s i n  t o  a s o f t  ge l
2 .  H a rde n ing  t i m e  -  p e r i o d  from t h e  s e t t i n g  o f  t h e  r e s i n  t o  t h e  
p o i n t  when i t  i s  h a r d  enough t o  a l l o w  t h e  sample  t o  be removed 
from t h e  c o n t a i n e r
3 .  M a tu r in g  t i m e  -  t im e  r e q u i r e  f o r  t h e  b l o c k  t o  a c q u i r e  i t s  f u l l  
h a r d n e s s ,  c h e m ic a l  r e s i s t a n c e  and  s t a b i l i t y
A m e t h y l  e t h y l  k e t o n e  p e r o x i d e  was used  a s  t h e  c a t a l y s t  f o r  t h e  
C r y s t i c  r e s i n .  The c u r e  of  a p o l y e s t e r  r e s i n  w i l l  b e g i n  a s  soon  a s  
t h e  c a t a l y s t  i s  a d d e d .  The r a t e  of c u r e  i s  s low a t  room t e m p e r a t u r e  
and  t h e  m a n u f a c t u r e r s  recommend t h e  a d d i t i o n  o f  an  a c c e l e r a t o r  
( b a s e d  on a c o b a l t  s a l t  or  t e r t i a r y  a m i n e ) .  The c u r e  r e a c t i o n  i s  
e x o t h e r m i c  and  t h e  t e m p e r a t u r e  of t h e  r e s i n  can  r i s e  t o  150 °C and 
h i g h e r  i n  a n  u n f i l l e d  c a s t i n g  ( S c o t t - B a d e r , 1 9 8 0 ) .  T h e r e f o r e  i t  was 
d e c i d e d  t o  n o t  add  any a c c e l e r a t o r  so t h a t  t h e  v o l a t i l e  t h i n n e r  
( a c e t o n e )  c a n  e v a p o r a t e  o f f  s lo w ly  w i t h  minimum d i s t u r b a n c e  t o  t h e  
s o i l ' s  s t r u c t u r e .  T h i s  e n s u r e s  a t h o r o u g h l y  h a r d e n e d  end  p r o d u c t .
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i t  a l s o  r e d u c e s  t h e  s t r e s s e s  and  s t r a i n s  on g e l l i n g  t o  a minimum 
( Bui l o c k  e t  a l . , 1982)  by d e c r e a s i n g  t h e  r a p i d  r i s e  to  t h e  
e x o th e r m i c  h e a t  pe a k  i n  t h e  e a r l y  s t a g e s .
When s o i l  s e c t i o n s  a r e  v i e w e d  unde r  p l a n e  and p o l a r i z e d  l i g h t ,  
i t  i s  o f t e n  i m p o s s i b l e  t o  d i s t i n g u i s h  be tween  some m i n e r a l  g r a i n s ,  
such a s  q u a r t z ,  and  v o i d s .  V a r io u s  dyes  w e re  adde d  t o  t h e  r e s i n  
p r i o r  t o  i m p r e g n a t i o n  t o  a s s e s s  t h e i r  p o t e n t i a l  i n  m a r k i n g  t h e  
v o i d s .  A f l u o r e s c e n t  dye was f o u n d  t o  be t h e  most  s u c c e s s f u l .  Th i s  
w i l l  be d i s c u s s e d  i n  g r e a t e r  d e t a i l  i n  a l a t e r  s e c t i o n .
F i n a l l y ,  any medium u s e d  mus t  pe rm e a te  and  h a r d e n  t h e  s o i l  
w i t h o u t  a l t e r i n g  i t s  n a t u r a l  f a b r i c ,  and f o r  p e t r o l o g i c a l  s t u d i e s  i t  
s h o u l d  h a v e ,  i d e a l l y ,  a r e f r a c t i v e  i n d e x  o f  1 . 5 4  ( D a l r y m p l e ,  1957 , 
n a t u r a l  f i l t e r e d  Canada b a l s a m  -  1 . 5 3 8 ) .  A l lman a n d  Lawrence (1972 ,  
t a b l e  1 1 ,  p . 74) h a v e  l i s t e d  r e f r a c t i v e  i n d i c e s  of  v a r i o u s  m ou n t in g  
and  i m p r e g n a t i n g  m a t e r i a l s  bu t  a t  t h a t  t im e  t h e  r e s i n  u s e d  i n  t h i s  
r e s e a r c h  was n o t  on t h e  m a r k e t .  I t  was d e c i d e d  t o  a s s e s s  t h e  
r e f r a c t i v e  i n d e x  o f  a  m i x t u r e  of C r y s t i c  r e s i n  and  f l u o r e s c e n t  dye 
u s i n g  a n  Abbe R e f r a c t o m e t e r . The i n s t r u m e n t  makes use  of a s t a n d a r d  
p r i s m  made of  a medium h ig h  r e f r a c t i v e  i n d e x ,  i n  t h i s  c a se  dense  
f l i n t  g l a s s .  I t  m e a s u r e s  r e f r a c t i v e  i n d i c e s  o f  s o l i d s  and  l i q u i d s  
o v e r  t h e  r a n g e  of  1 .3  -  1 . 7 .  The most  i m p o r t a n t  u se  of  t h e  
i n s t r u m e n t  i s  f o r  t h e  m easu rem en t  of r e f r a c t i v e  i n d i c e s  of  l i q u i d s .  
The i n s t r u m e n t  i s  w e l l  documented  i n  s t a n d a r d  p h y s i c s  t e x t  books 
(Worsnop and F l i n t ,  1 9 5 1 ) .  The r e f r a c t i v e  i n d e x  o f  t h e  m i x t u r e  
( r e s i n ,  c a t a l y s t  and dye)  was f o u n d  t o  be 1 .5 2  a t  24 °C. A r a l d i t e ,  
f r e q u e n t l y  u s e d  by g e o l o g i s t s  f o r  t h i n  s e c t i o n i n g ,  h a s  a h i g h  i n d e x  
o f  1 . 5 9 .  A l th o u g h  C r y s t i c  r e s i n  h a s  a low er  i n d e x  t h a n  t h e  r e q u i r e d  
i n d e x  of  1 . 5 4 ,  i t  i s  t h o u g h t  t o  be a c c e p t i b l e  f o r  t h i s  r e s e a r c h
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e s p e c i a l l y  as  t h e  main  r e a s o n  f o r  examin ing  t h e  t h i n  s e c t i o n s  i s  n o t  
p e t r o l o g i c a l .
i i .  I m p r e g n a t i o n  t e c h n i q u e .
The p r o c e d u r e  u s e d  was b a s e d  on t h e  method o u t l i n e d  i n  one of 
t h e  S o i l  S u r v e y ' s  t e c h n i c a l  monographs  (N o .6 ,  B u l l o c k  e t  a l . , 1982) 
w i t h  some m o d i f i c a t i o n s .  A l l  t h e  s am ples  w e r e  i m p r e g n a t e d  unde r  t h e  
same p h y s i c a l  c o n d i t i o n s  and  f o l l o w i n g  t h e  method o u t l i n e d  below 
f i g .  3 . 1  b )  :
1 .  P l a c e  a 2000ml x l o n  b e a k e r  c o n t a i n i n g  a m a g n e t i c  p e l l e t  on t o  an  
a u t o m a t i c  s t i r r e r .
2 .  Measure  ou t  t h e  r e q u i r e d  q u a n t i t i e s  of  r e s i n ,  c a t a l y s t ,  a c e t o n e  
and  f l u o r e s c e n t  dye ( t a b l e  3 . 1 )
3 .  D i s s o l v e  t h e  dye i n  a b o u t  20ml of t h e  a c e t o n e .  Pour  t h e  r e s i n  
i n t o  t h e  b e a k e r  and s t a r t  t h e  s t i r r e r .  Slowly add t h e  a c e t o n e  
and dye and  l e a v e  f o r  f i v e  m i n u t e s  o r  u n t i l  t h e  dye i s  t h r o u g h l y  
mixed w i t h  t h e  r e s i n .
4 .  When t h e  dye i s  c o m p l e t e l y  d i s s o l v e d ,  add t h e  c a t a l y s t  and l e a v e  
f o r  a n o t h e r  f i v e  m i n u t e s .  P r e p a r e  t h e  sam ples  f o r  i m p r e g n a t i o n .
5 .  Sw itch  o f f  t h e  s t i r r e r .  T r a n s f e r  some of  t h e  r e s i n  m i x t u r e  i n t o  
a 2 50ml b e a k e r  ( i t  i s  much e a s i e r  t o  manage when p o u r i n g  t h e  
r e s i n ) .  C a r e f u l l y  pour  r e s i n  down t h e  s i d e  of t h e  sample 
c o n t a i n e r s  u n t i l  i t  r e a c h e s  a p p r o x i m a t e l y  h a l f  way up t h e  sample 
t u b e s .  Leave t h e  sam ples  s t a n d  f o r  30 m i n u t e s  t o  a l l o w  t h e  
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6 .  Top up t h e  r e s i n  m i x t u r e  i n  each c o n t a i n e r  u n t i l  t h e  l e v e l  of 
r e s i n  i s  a t  l e a s t  one c e n t i m e t r e  above t h e  s o i l .  T r a n s f e r  a l l  
t h e  s a m p le s  i n  t h e i r  c o n t a i n e r s  i n t o  a d e s i c c a t o r  and  l e a v e  t o  
s t a n d  f o r  a n o t h e r  30 m i n u t e s .
7 .  P l a c e  a l i d  on t h e  d e s i c c a t o r  and e v a c u a t e  w i t h  a s m a l l  vacuum 
pump f o r  f o u r  t o  f i v e  h o u r s .  Sea l  t h e  o u t l e t  of t h e  d e s i c c a t o r  
and t h e n  t u r n  o f f  t h e  pump. Leave o v e r - n i g h t .
8 .  Slowly i n c r e a s e  t h e  p r e s s u r e  i n s i d e  t h e  d e s i c c a t o r  t o  room 
p r e s s u r e ,  remove t h e  sam ples  and t r a n s f e r  them t o  a w e l l  
v e n t i l a t e d  room or  p r e f e r a b l y  a fume c upboa rd  f o r  f o u r  t o  f i v e  
w e e k s .
9 .  D ur ing  t h e  f i r s t  week t h e  a c e t o n e  w i l l  s lo w ly  e v a p o r a t e  o f f .  I t  
i s  t h e r e f o r e  c r u c i a l  t o  keep  t o p p i n g  up t h e  r e s i n  w i t h  a  
r e p l e n i s h m e n t  m i x t u r e  ( t a b l e  3 . 1 )  t o  e n s u r e  t h a t  t h e  l e v e l  of 
t h e  r e s i n  does  n o t  f a l l  below t h e  t o p  o f  t h e  s o i l .  T h i s  would 
p e r m i t  t h e  r e - e n t r y  of a i r  i n t o  t h e  s o i l  and l e a d  t o  poor  
i m p r e g n a t i o n .  I t  i s  a l s o  t h o u g h t  t o  p r e v e n t  c r a c k s  from f o rm in g  
a f t e r  t h e  b l o c k  i s  cu t  open  a l t h o u g h  t h e  r e a s o n  i s  n o t  f u l l y  
u n d e r s t o o d  ( ( F i t z P a t r i c k ,  1980) .
1 0 .  Leave t h e  sa m p le s  u n t i l  t h e  r e s i n  h a s  r e a c h e d  t h e  g e l l i n g  s t a g e  
t h e n  t r a n s f e r  them t o  a n  ove n  a t  40 °C f o r  two weeks t o  a l l o w  
f o r  h a r d e n i n g .
1 1 .  Remove t h e  s am p les  f rom t h e i r  c o n t a i n e r s ,  c h e c k in g  t h a t  t h e y  a r e  
s t i l l  a d e q u a t e l y  numbered and  l e a v e  them t o  coo l  a t  room 
t e m p e r a t u r e  f o r  a bou t  a week .
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Once t h e  sa m p le s  have  a t t a i n e d  t h e i r  maximum h a r d n e s s  t h e  nex t  s t a g e  
i s  t a k e  a r e p r e s e n t a t i v e  s l i c e  f rom each sample and  p r e p a r e  i t  i n t o  
a 35 m i c r o n  t h i n  s e c t i o n .
3 .4 C u t t i n g  and  G r i n d i n g
The s o i l  s e c t i o n s  w e re  made f o l l o w i n g  s t a n d a r d  g e o l o g i c a l  
p r o c e d u r e s .  One m o d i f i c a t i o n  was t h a t  a new chuck  w i t h  
s e m i - c i r c u l a r  h o l e s  was used  t o  h o l d  t h e  sam ples  d u r i n g  c u t t i n g .
T h i s  p r e v e n t e d  them from r o t a t i n g  w h i l e  be in g  c u t .
The t o p  1.5  c e n t i m e t r e  of  each  sample was c u t  o f f  w i t h  a 
diamond w h e e l  on a v e r t i c a l  s p i n d l e ,  g e n e r a l  p u r p o s e  r o c k  c u t t i n g  
m ach ine  ( M o t t a c u t t a )  u s i n g  a  w a t e r  s o l u b l e  o i l  a s  c o o l a n t .  The t o p s  
o f  t h e  s a m p le s  w e r e  marked  w i t h  r e s p e c t  t o  s i t e  and  o r i e n t a t i o n  w i t h  
an  i n d e l i b l e  pen  b e f o r e  r e m ov ing  a  one c e n t i m e t r e  s l i c e  f r a n  t h e  
c e n t r e  of  t h e  s o i l  co lu m ns .  The r e m a i n i n g  sample  was l a b e l l e d  and 
k e p t  i n  c a s e  t h e  i n i t i a l  s l i c e  was d e s t r o y e d  i n  some way and 
r e n d e r e d  u s e l e s s .  I n  a l l  c a s e s  t h e  s l i c e  was cu t  f rom a s i m i l a r  
p o s i t i o n  down t h e  t u b e .  The b r a s s  c a s i n g  was s t i l l  a ro u n d  t h e  
i m p r e g n a t e d  s o i l  column.  T h e r e f o r e ,  a t r i m  saw was used  t o  cu t  away 
t h e  o u t e r  r i n g  o f  s u p e r f l u o u s  r e s i n  and  b r a s s  c a s i n g .  One of t h e  
s t a g e s  i n  p r e p a r i n g  a t h i n  s e c t i o n  i s  t o  a d h e r e  t h e  spec im en  i n  
q u e s t i o n  t o  a g l a s s  s l i d e .  Hence i t  was n e c e s s a r y  t o  e n s u r e  t h a t  
one s i d e  of  t h e  s o i l  s l i c e  was a s  f l a t  a s  p o s s i b l e  t o  promote good 
a d h e s i o n .  The unmarked s i d e  of  t h e  s l i c e  was g round  smooth w i t h  two 
p r o g r e s s i v e l y  f i n e r  carborundum powders (g ra d e  400 and 600) on  two 
a u t o m a t i c  l a p s .  Each sample was g round  f o r  e x a c t l y  one m in u t e  w i t h  
g rad e  400 and 30 seconds  w i t h  g rade  6 0 0 .  They were  t h e n  washed  and  
p o l i s h e d  on a f e l t  pad w i t h  g rade  800 a luminium o x id e  f o r  30 seconds
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or  u n t i l  t h e  r e s i n  e x h i b i t e d  a g l a s s - l i k e  f i n i s h .  Any s c r a t c h e s  o r  
marks i n  t h e  r e s i n  would have  l e d  t o  c o n s i d e r a b l e  d i f f i c u l t i e s  when 
e x a m in in g  t h e  s e c t i o n s  m i c r o s c o p i c a l l y .  A f t e r  p o l i s h i n g  t h e  samples  
w ere  washed  a nd  t h e n  c l e a n e d  u l t r a - s o n i c a l l y  f o r  t h r e e  m i n u t e s .
They w e re  f i n a l l y  m an u a l ly  d r i e d  and p l a c e d  i n t o  a d e s i c c a t o r  w i t h  
d e s i c c a n t  o v e r  n i g h t  t o  e n s u r e  t h a t  t h e y  were  p e r f e c t l y  dry b e f o r e  
t h e  n e x t  s t a g e .  Damp s a m p le s  w i l l  no t  a d h e r e  t o  g l a s s  s l i d e s .
An a c c e l e r a t e d  m i x t u r e  of  C r y s t i c  r e s i n  and  c a t a l y s t  was 
i n i t i a l l y  u s e d  t o  a d h e r e  t h e  p o l i s h e d  s l i c e s  t o  g l a s s  s l i d e s  bu t  i t  
was f o u n d  t o  be most  u n s u c c e s s f u l .  Numerous s l i c e s  came o f f  d u r i n g  
t h e  r em ova l  of t h e  e x c e s s  s o i l  on t h e  s l i d e .  Many d e v e lo p e d  b u b b l e s  
b e n e a t h  them and s e p a r a t e d  d u r i n g  t h e  f i n a l  g r i n d i n g  down t o  t h e  
r e q u i r e d  t h i c k n e s s .  I n  a l l  a bou t  a t h i r d  o f  a t r i a l  ru n  of  samples
l o s t .  A c o l d  s e t t i n g  r e s i n  b a s e d  on  two f l u i d  epoxy components  
c a l l e d  E p o f i x  ( S t r u e r s )  was i n v e s t i g a t e d  and  fo u n d  t o  g i v e  e x c e l l e n t  
a d h e s i o n .  The r e s i n  i s  s p e c i a l l y  d e v e lo p e d  f o r  m o u n t in g ,  where  low 
s h r i n k a g e  and  good m e c h a n i c a l  p r o p e r t i e s  i n  t h e  c u re d  s t a t e  a r e  
r e q u i r e d .  Owing t o  i t s  low v i s c o s i t y  (550 c . p .  a t  25 °C) E p o f i x  i s  
c l a i m e d  t o  be a b l e  t o  p e n e t r a t e  a l l  p o r o s i t i e s  and  c r a c k s  i n  a 
s pe c im en .  A lso  a f t e r  c u r i n g  i t  c a n  be c u t ,  g round ,  p o l i s h e d  and 
e v e n  d r i l l e d .  To a t t a i n  t h e  maximum amount of a d h e s i o n ,  
i r r e s p e c t i v e  of which  r e s i n  i s  u s e d ,  i t  was n e c e s s a r y  t o  d e - g r e a s e  
a l l  t h e  g l a s s  s l i d e s  w i t h  m e t h y l a t e d  s p i r i t s .  E p o f ix  was p r e p a r e d  
by m ix i n g  16 p a r t s  by volume of E p o f i x  r e s i n  w i t h  two p a r t s  by 
volume of  E p o f i x  h a r d e n e r  and s t i r r i n g  t h e  two f o r  a t  l e a s t  two 
m i n u t e s .  The h a r d e n i n g  p r o c e s s  b e g i n s  a s  soon  a s  t h e  two l i q u i d  
components  a r e  m ix e d .  A s m a l l  s p o t  of t h e  m i x t u r e  was p l a c e d  on  t h e  
c e n t r e  of a p o l i s h e d  s o i l  s l i c e .  A c l e a n  g l a s s  s l i d e  was c a r e f u l l y  
l ow ered  down o n t o  t h e  s o i l  w i t h  a h i n g e d  a c t i o n  t o  p r e v e n t  a i r
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b u b b l e s  f rom  b e i n g  t r a p p e d  u n d e r n e a t h  t h e  g l a s s .  Once t h e  E p o f ix  
had s p r e a d  o v e r  t h e  w h o le  s u r f a c e  of t h e  s o i l  t h e  sample was put  
a s i d e  and  t h e  p r o c e d u r e  was r e p e a t e d  f o r  eve ry  sam ple .  E p o f ix  i s  
q u o t e d  a s  t a k i n g  a b o u t  e i g h t  h o u r s  t o  h a r d e n  a t  25 °C,  so t h e  
sam ples  w e r e  l e f t  o v e r n i g h t .
The e x c e s s  s o i l  p r o j e c t i n g  from t h e  s l i d e  was removed w i t h  a 
diamond w h e e l  on a h o r i z o n t a l  s p i n d l e  r o c k  c u t t i n g  m ach ine  (Woco). 
The g l a s s  s l i d e s  w e r e  h e l d  i n  p o s i t i o n  w i t h  a vacuum clamp w h i l e  t h e  
s o i l  was t r im m ed  t o  a p p r o x i m a t e l y  200 m ic r o n s  t h i c k .  The s e c t i o n s  
w e re  g r o u n d  down f u r t h e r  by hand u s i n g  g rad e  400 and 600 carborundum 
on g l a s s  p l a t e s .  Each s e c t i o n  was c o n t i n u o u s l y  che cke d  w i t h  a 
p e t r o l o g i c a l  m i c r o s c o p e  t o  e n s u r e  even  g r i n d i n g  u n t i l  i t  was 30 t o  
35 m i c r o n s  t h i c k  and  t h e  q u a r t z  e x h i b i t e d  f i r s t  o r d e r ,  p a l e  y e l l o w  
i n t e r f e r e n c e  c o l o u r s .  F i n a l l y  t h e  s e c t i o n s  w e r e  c l e a n e d  and 
p o l i s h e d  w i t h  a s o f t  c l o t h  and t h e n  t r a n s f e r r e d  i n t o  a d e s i c c a t o r  t o  
c o m p l e t e l y  dry  o u t .  A l i q u i d  v i n y l  c o v e r  was s p r a y e d  o v e r  t h e  
s e c t i o n s  t o  p r o t e c t  them i n  p r e f e r e n c e  t o  u s i n g  g l a s s  c ove r  s l i p s .
I t  was e a s i e r  t o  a p p l y  o n t o  t h e  l a r g e r  s e c t i o n s ,  i t  d i d  n o t  i m p a i r  
t h e  v i s u a l  q u a l i t y  of  t h e  s e c t i o n s  and  i t  can  be removed,  u n l i k e  
c o v e r  s l i p s ,  w i t h  x y l e n e  i f  a t  a l a t e r  d a t e  t h e  s e c t i o n s  w e r e  
r e q u i r e  f o r  e l e c t r o n  m i c r o s c o p e  w ork .
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IV PHOTOGRAPHING AND ANALYSING THE SECTIONS
Delgado and  D o r r o n s o r o  (1983)  d i s t i n g u i s h  two s t a g e s  i n  every  
m ic r o m o r p h o m e t r i c  s t u d y .  F i r s t ,  t h e  m ethods  used  t o  d i f f e r e n t i a t e  
t h e  components  t o  be a n a l y s e d  from a l l  o t h e r  components  i n  t h e  s o i l  
and s e c o n d  t h e  t e c h n i q u e  of  measurem ent  i t s e l f .  The f o l l o w i n g  
s e c t i o n s  d e a l  w i t h  m ethods  u s e d  i n  t h e s e  two s t a g e s  and t h e  r e a s o n s  
f o r  a d o p t i n g  them .  Randomly s e l e c t e d  c e n t r a l  a r e a s  w i t h i n  each  
s e c t i o n  w e r e  p h o t o g r a p h e d .  B l a c k  and  w h i t e  h ig h  c o n t r a s t  
p h o t o g r a p h s  w e re  p ro d u c e d  and  a n  image a n a l y s e r  was used  t o  
f a c i l i t a t e  q u a n t i f i c a t i o n  of  t h e  s o i l  t o  v o i d  r a t i o .
4 .1  D i f f e r e n t i a t i n g  t h e  Voids
The n e x t  s t a g e  i n  t h e  p r o c e d u r e  was t o  e x t r a c t  t h e  r e l e v a n t  
i n f o r m a t i o n  from t h e  t h i n  s e c t i o n s  c o n c e r n i n g  t h e i r  m i c r o - s t r u c t u r e .  
The s e c t i o n s  w e r e  examined  w i t h  a p e t r o l o g i c a l  m ic ro sc o p e  and i t  was 
found  t h a t  q u a n t i f i c a t i o n  o f  t h e  v o i d a g e  by d i r e c t  m i c r o s c o p i c  
e x a m i n a t i o n  ( p o i n t  c o u n t s  and o t h e r  such t e c h n i q u e s )  was n o t  on ly  
v e r y  t e d i o u s  bu t  a l s o  p ro n e  t o  e r r o r  due t o  t h e  l a r g e  sample s i z e .
I t  was d e c i d e d  t o  t a k e  p h o t o g r a p h s  o f  t h e  s e c t i o n s  and t h e n  use an  
a u to m a te d  p r o c e d u r e  f o r  a n a l y s i n g  them .  T h e reb y ,  m in i m i z in g  t h e  
e r r o r  f rom human f a t i g u e .
A m a j o r  p rob lem  a r o s e  when t r y i n g  t o  p h o to g ra p h  t h i n  s e c t i o n s  
b e c a u s e  of  t h e  d i f f i c u l t y  i n  s e p a r a t i n g  i n d i v i d u a l  components  f o r  
m ea s u rem e n t .  I n  normal  t r a n s m i t t e d  l i g h t  bo th  v o i d s  and  q u a r t z  
a p p e a r  t r a n s p a r e n t .  ’ In  c r o s s  p o l a r i z e d  l i g h t  any m i n e r a l s  a t  
e x t i n c t i o n  and v o i d s  a p p e a r e d  b l a c k .  A l s o ,  be c ause  of t h e
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a n i s o t r o p i c  n a t u r e  of some m i n e r a l  g r a i n s ,  such a s  q u a r t z ,  no t  a l l  
g r a i n s  a r e  a t  e x t i n c t i o n  a t  t h e  same t im e .  A c c u r a t ë  image a n a l y s i s  
depends on a c h i e v i n g  a s u f f i c i e n t  c o n t r a s t  be tween  t h e  v o i d s  and  t h e  
r e s t  of t h e  s o i l  m a t r i x .  V a r io u s  t e c h n i q u e s  have  been d e v e lo p e d  t o  
overcome t h i s  p rob le m  and t h e s e  w i l l  now be b r i e f l y  d i s c u s s e d .
i .  Use of dyes
V a r io u s  dy e s  h a v e  been  a dde d  t o  t h e  r e s i n  b e f o r e  i m p r e g n a t i o n  
of  t h e  s a m p le s .  J o n g e r i u s  e t  a l .  ( 1 9 7 2 ,  p . 247)  added a g r e e n  o r g a n i c  
s t a i n  (BS 1172)  t o  t h e  r e s i n .  On p o l i s h e d  s u r f a c e s  o r  i n  t h i n  
s e c t i o n s  o f  s a m p le s  t r e a t e d  w i t h  t h i s  dye ,  v o i d s  a p p e a r e d  d a r k  on a 
l i g h t  c o l o u r e d  b a c k g ro u n d  ( t h e  s o i l  mass)  when i n c i d e n t  d a r k  f i e l d  
i l l u m i n a t i o n  was u s e d .  J o n g e r i u s  f e l t  t h a t  t h e  method  was  n o t  
s u f f i c i e n t l y  a c c u r a t e  i n  t h e  p r e p a r a t i o n  o f  s i l t y  and sandy s o i l s .  
V a r io u s  c o l o u r e d  d y e s  w e r e  i n v e s t i g a t e d  f o r  t h i s  r e s e a r c h  bu t  many 
showed d i f f e r e n t i a l  a d s o r p t i o n  p r o p e r t i e s .  A r e d  dye (Sudan  IV, 
G ur r ,  1981 ,  p . 20)  c o l o u r e d  e v e r y t h i n g  from r e s i n  i n  t h e  v o i d s  t o  
o r g a n i c  m a t t e r  and e v e n  some q u a r t z ,  making i t  i m p o s s i b l e  t o  c l e a r l y  
d i s t i n g u i s h  t h e  v o i d s  f rom t h e  r e s t  of  t h e  s o i l  m a t r i x .  An o ran g e  
dye (Sudan I I ,  G u r r ,  1981 ,  p . 18)  was v e r y  p a t c h y  p e r h a p s  be c a u s e  of 
i t s  poor  s o l u b i l i t y  i n  a l c o h o l .  A b l u e  dye (Sudan  b l u e ,  G ur r ,
1981 ,  p . 24)  i n i t i a l l y  seemed s u c c e s s f u l  u n t i l  m i c r o s c o p i c  
e x a m i n a t i o n  showed t h e  c o l o u r  t o  be made up of  t i n y  s p o t s .  
F l u o r e s c e n t  dy e s  ha v e  been  u s e d  s u c c e s s f u l l y  f o r  v o i d  d e t e c t i o n  
( F i t z P a t r i c k ,  1970;  Murphy, B u l l o c k  and  T u r n e r ,  1 9 7 7 ) .  I t  must  be 
remembered t h a t  f l u o r e s c e n t  dyes  a r e  a d s o r b e d  by o r g a n i c  m a t t e r .  
I s m a i l  (197 5) recommended t h a t  t hey  a r e  b e s t  u sed  f o r  v o i d  d e t e c t i o n  
i n  p r e p a r a t i o n  of  m i n e r a l  s o i l  m a t e r i a l s .  The s o i l  c o l l e c t e d  i n  
t h i s  r e s e a r c h  was v e r y  s t e r i l e  and  composed m a i n l y  of  q u a r t z  g r a i n s
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w i t h  v e r y  l i t t l e  o r g a n i c  m a t t e r .  U v i t e x  OB ( C ib a - G e ig y )  a 
f l u o r e s c e n t  w h i t e n i n g  a g e n t  was added t o  t h e  r e s i n  b e f o r e  
i m p r e g n a t i n g  some of t h e  s o i l  s am ples  f rom t h e  p i l o t  s i t e  (Ockham 
Common) and  i t  was fo u n d  t o  g i v e  e x c e l l e n t  r e s u l t s .  The dye 
d i s s o l v e d  r e a d i l y  i n t o  a c e t o n e  and  t h e n  mixed e v e n ly  i n t o  t h e  r e s i n .  
M i c r o s c o p i c  e x a m i n a t i o n  of  t h e  s u b s e q u e n t  t h i n  s e c t i o n s  showed t h a t  
t h e  dye was e v e n l y  a d s o r b e d  a nd  i t  was d e c id e d  t o  add t h i s  dye t o  
t h e  r e s i n  p r i o r  t o  i m p r e g n a t i o n .
U v i t e x  OB i s  a y e l l o w i s h - g r e e n  powder  which h a s  a  m e l t i n g  
p o i n t  of 200 t o  201°C.  I t  i s  a h ig h  p u r i t y  f l u o r e s c e n t  w h i t e n i n g  
a g e n t  wh ich  i s  p a r t i c u l a r l y  s u i t a b l e  f o r  t h e  o p t i c a l  b r i g h t e n i n g  of  
po lym ers  a t  a l l  s t a g e s  of  t h e  p r o c e s s .  I t  h a s  good l i g h t  f a s t n e s s ,  
e x c e l l e n t  h e a t  r e s i s t a n c e ,  a h i g h  t o l e r a n c e  t o  c h e m i c a l s  and  i t  i s  
r e a d i l y  s o l u b l e  i n  a  w ide  r a n g e  of  s o l v e n t s  . For  i n s t a n c e ,  i t s  
s o l u b i l i t y  i n  a c e t o n e  a t  25°C i s  0 . 5  g/ lOOml.
i i .  P h o t o g r a p h i c  t e c h n i q u e s
One of  t h e  s i m p l e s t  p h o t o g r a p h i c  methods  was employed by 
Murphy, B u l l o c k  a nd  T u r n e r  (1977 )  - J  u s i n g  h i g h  c o n t r a s t  d e v e l o p i n g .  
P h o t o g r a p h i c  p r i n t s  w e r e  p r o d u c e d  by p l a c i n g  t h i n  s e c t i o n s  d i r e c t l y  
i n t o  t h e  e n l a r g e r .  The s e c t i o n  i s  t h e n  t r e a t e d  a s  i f  i t  w e r e  a 
n e g a t i v e  and e n l a r g e d  down o n t o  h i g h  c o n t r a s t  p a p e r .  Care had t o  be 
t a k e n  t o  e n s u r e  t h a t  t h e  c o r r e c t  e x p o s u r e  was u s e d .  Over e x p o s u r e  
would h a v e  r e s u l t e d  i n  o v e r  e s t i m a t i o n  of  t h e  v o i d s  be c a u s e  some 
m i n e r a l  g r a i n s  would  a p p e a r  a s  v o i d s .  L i k e w i s e ,  under  e x p o s u r e  
would h a v e  meant  t h a t  many of  t h e  s m a l l e r  v o i d s  would  ha v e  gone 
u n d e t e c t e d .  Murphy e t  a l . (19 7 7 )  -) found t h a t  t h e  most  s u i t a b l e  
p r i n t s  w e re  o b t a i n e d  by s l i g h t l y  unde r  e x p o s i n g .  I t  was n e c e s s a r y  
t o  compare t h e  p r i n t  w i t h  t h e  o r i g i n a l  sample  t o  c he ck  f o r  odd
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q u a r t z  g r a i n s  w h ic h  had a p p e a r e d  a s  v o i d s .  When t h i s  was  f o u n d  t o  
have  happened  t h e  a r e a  was s imply  inked i n .  I t  i s  f e l t  t h a t  t h i s  
l a t t e r  s t a g e  i s  h i g h l y  s u b j e c t i v e  and open t o  e r r o r .  The t e c h n i q u e  
i s  recommended f o r  s t u d y i n g  v o i d s  l a r g e r  t h a n  150 m ic r o n s  i n  
d i a m e t e r .  T h i s  r e s e a r c h  i s  a l s o  i n t e r e s t e d  i n  v o i d s  s m a l l e r  t h a n  
150 m i c r o n s ,  t h e r e f o r e  i t  was d e c id e d  t o  c o n c e n t r a t e  on 
p h o to m ic ro s c o p y  t e c h n i q u e s .
J o n g e r i u s  e t  a l . ( 1 9 7  2) d e v e lo p e d  a method of  v o i d  d e t e c t i o n  by 
means o f  p o r o s i t y  p ho tog ra m s  o f  t h e  t h i n  s e c t i o n s .  The method  was 
d i s c u s s e d  by I s m a i l  (197 5) and  d e s c r i b e d  a s  a  p h o t o g r a p h i c  o v e r l a y  
t e c h n i q u e  f o r  s o i l s  c o n t a i n i n g  m i n e r a l  g r a i n s .  The p i c t u r e s  w e r e  
p roduce d  a t  a two t i m e s  m a g n i f i c a t i o n  on P o l a r o i d  P/N f i l m  ( 4 x 5  
i n c h e s ) .  The t h i n  s e c t i o n s  w e r e  p l a c e d  on a Z e i s s  ' M a k r o t i s c h '  
( m a c r o - s t a g e )  i n  w h ic h  t h e r e  w e r e  p o l a r o i d  f i l t e r s .  The c r o s s e d  
p o l a r i s e d  f i l t e r s  w e r e  t u r n e d  d u r i n g  e x p o s u r e  t o  a l o c k e d  p o s i t i o n  
i n  s t e p s  o f  10° o v e r  a t o t a l  of 5 0 ° .  On t h e  p o l a r o i d  n e g a t i v e  t h e  
a n i s o t r o p i c  t r a n s p a r e n t  m i n e r a l s  w e re  b l a c k ;  f e r r u g i n o u s  o r  humose 
c l a y e y  g round  m as s  was g rey  and opaque m i n e r a l s ,  o r g a n i c  m a t t e r  and 
v o i d s  w e r e  t r a n s p a r e n t  and  came ou t  w h i t e .  The p r o c e d u r e  was 
r e p e a t e d  i n  t r a n s m i t t e d  l i g h t .  The second  p o l a r o i d  n e g a t i v e  was 
e x a c t l y  t h e  same a s  t h e  f i r s t  t h e  on ly  d i f f e r e n c e  b e in g  t h a t  t h e  
v o i d s  w e r e  now b l a c k .  A p o s i t i v e  t r a n s p a r e n c y  was made from t h e  
second  n e g a t i v e  and  o v e r l a i n  o v e r  t h e  f i r s t  n e g a t i v e .  When a f i n a l  
p r i n t  was t h e n  made from t h e s e  two, on ly  t h e  v o i d s  a p p e a r e d  b l a c k  
( t a b l e  4 . 1 ) .  The t e c h n i q u e  p roduced  some r e l i a b l e  r e s u l t s  bu t  t h e  
method s u f f e r s  f rom p r o c e d u r a l  e r r o r s  d u r i n g  t h e  o v e r l a y  p r o c e s s .
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In t h e  e a r l y  197 0s t h e  use of two q u a r t e r - w a v e  mica p l a t e s  in  
t h e  m i c r o s c o p e  was d e v e lo p e d .  Pape (1974)  u s e d  them t o  c o n v e r t  
l i n e a r l y  p o l a r i z e d  l i g h t  t o  c i r c u l a r l y  or  e l l i p t i c a l l y  p o l a r i z e d  
f o r m s .  Rua rk ,  Veneman and  Waldron (1982) d e v e l o p e d  t h e  p r i n c i p l e  of 
c i r c u l a r  p o l a r i z a t i o n  on  s o i l  t h i n  s e c t i o n s  t o  d i s t i n g u i s h  v o i d s  
f rom m i n e r a l  g r a i n s .  They o b t a i n e d  c r o s s  p o l a r i z a t i o n  by r o t a t i n g  
t h e  a n a l y s e r  u n t i l  t h e r e  was maximum e x t i n c t i o n  o f  t h e  t r a n s m i t t e d  
c o l o u r e d  l i g h t .  The q u a r t e r - w a v e  p l a t e s  w e re  t h e n  r o t a t e d  so t h a t  
t h e i r  a x e s  w e r e  p r e c i s e l y  90 d e g r e e s  t o  each  o t h e r .  Voids i n  t h e  
t h i n  s e c t i o n s  a p p e a r e d  c o m p l e t e l y  b l a c k  w h i l e  m i n e r a l  g r a i n s  emerged 
c o l o u r e d .  T h i r t y  t h r e e  s o i l  t h i n  s e c t i o n s  w e r e  a l l  p h o t o g ra p h e d  
u n d e r  c r o s s e d  and  c i r c u l a r  p o l a r i z e d  l i g h t .  T h e i r  f i n d i n g s  showed a 
s i g n i f i c a n t  r e d u c t i o n  i n  v o i d  a r e a  which  was most  p ronounced  i n  t h e  
6 4 -320  m i c r o n s  v o i d  s i z e  c a t e g o r y  when t h e  l a t t e r  method  was u s e d .  
They c o n c l u d e d  t h a t  t h e  a p p l i c a t i o n  of  c r o s s e d  p o l a r i z e d  l i g h t  t o  
s o i l  t h i n  s e c t i o n s  r e s u l t e d  i n  images  t h a t  o v e r  e s t i m a t e d  t h e  v o i d  
a r e a  due t o  t h e  e x t i n c t i o n  of  a sm a l l  p e r c e n t a g e  of  a n i s o t r o p i c  
m i n e r a l  g r a i n s  i n  t h e  s l i d e  which  had t h e i r  o p t i c a l  a x e s  e x a c t l y  
p a r a l l e l  t o  t h e  p l a n e  of  p o l a r i z e d  l i g h t .  And t h e y  f e l t  t h a t  :
" . . . c i r c u l a r  p o l a r i z e d  l i g h t  i s  a v i a b l e  means of  
e l i m i n a t i n g  e x t i n c t i o n  of  a n i s o t r o p i c  m i n e r a l  g r a i n s  when 
e x a m i n in g  t h i n  s e c t i o n s  of  s o i l  f o r  v a r i o u s  v o i d  
p a r a m e t e r s .  "
The l a t t e r  method  p r o d u c e d  r e l i a b l e  r e s u l t s  w i t h o u t  t h e  need o f  t h e  
c o m p l i c a t e d  o v e r l a y  p r o c e s s  of  J o n g e r i u s ,  wh ich  i n c r e a s e d  t h e  r i s k  
o f  p r o c e d u r a l  e r r o r s .
Ruark  e t  a l .  (1982)  d e s c r i b e d  i n  g r e a t  d e t a i l  t h e  c o n s t r u c t i o n  
o f  t h e  c i r c u l a r  p o l a r i z a t i o n  sys tem from wood;  PVC p i p e  (10 
c e n t i m e t r e s  d i a m e t e r ) ;  a g r e e n  f i l t e r ;  p l a s t i c  p o l a r i z i n g  s h e e t ;
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two q u a r t e r - w a v e  p l a t e s  and a s i n g l e  l e n s  r e f l e x  camera  e qu ippe d  
w i t h  p o l a r i z i n g  f i l t e r .  The main  c o n c e r n  was t h a t  i t  was manda to ry  
t o  a c h i e v e  c o r r e c t  a l i g n m e n t  of t h e  o p t i c a l  components ,  F i t z P a t r i c k  
(1980)  h a s  s t r e s s e d  t h a t  when c o n s i d e r i n g  m ic r o p h o to g r a p h y  ;
" . . .  t h e  o p t i c s  of  t h e  m ic r o s c o p e  must  be of a h ig h  
s t a n d a r d .  Whereas  somewhat poor  o p t i c s  may s u f f i c e  d u r i n g  
v i s u a l  e x a m i n a t i o n s ,  when u n e v e n n e s s  of  f o c u s  may no t  be a 
s e r i o u s  h a n d i c a p ,  i t  i s  e s s e n t i a l  t o  have  a n  a b s o l u t e l y  
f l a t  f i e l d  a nd  e v e n  i l l u m i n a t i o n  f o r  p h o t o g r a p h y . "
T h i s  r e s e a r c h  i n v e s t i g a t e s  c h a n g e s  i n  s o i l  m i c r o - d e n s i t y  from 
p h o t o g r a p h s  o f  s o i l  t h i n  s e c t i o n s  t a k e n  a t  q u i t e  h i g h  m a g n i f i c a t i o n ,  
so t h e  m ethod  o f  u s i n g  s e c t i o n s  a s  n e g a t i v e s  and  e n l a r g i n g  them on 
t o  h i g h  c o n t r a s t  p a p e r  was e l i m i n a t e d  b e c au s e  i t  i s  f o r  v o i d s  
g r e a t e r  t h a n  150 m i c r o n s .  I t  h a s  been  c l e a r l y  d e m o n s t r a t e d  t h a t  
p h o t o g r a p h i n g  u n d e r  c r o s s e d  n i c o l s  w i l l  l e a d  t o  e r r o r s  i n  t h e  
e s t i m a t e s  o f  v o i d  a r e a s .  The method  of  Ruark  e t  a l . (1982)  u s i n g  
c i r c u l a r  p o l a r i z e d  l i g h t  was c h o o s e n  a s  b e i n g  t h e  m os t  a c c u r a t e  way 
t o  p roduce  p h o t o g r a p h s  of  t h i n  s e c t i o n s  b u t  t h e  equ ipm en t  u s e d  was 
n o t  f e l t  t o  be of a h i g h  enough s t a n d a r d  t o  a l l o w  t h e  p r o d u c t i o n  of  
q u a l i t y  p h o t o g r a p h s .  Phase  c o n t r a s t  m i c r o s c o p e s ,  w i d e l y  used  by 
b i o l o g i c a l  s c i e n c e s ,  a r e  b a s e d  on  a  p r i n c i p l e  wh ich  u s e s  two 
q u a r t e r - w a v e  p l a t e s .  One such m i c r o s c o p e  was a v a i l a b l e  f o r  t h e  
r e s e a r c h .  I t  had  t r a n s m i t t e d  a n d  u l t r a  v i o l e t  l i g h t  s o u r c e s ,  a 
Z e i s s  camera  and n e c e s s a r y  f i l t e r s  a l r e a d y  b u i l t  i n t o  t h e  one 
s t r u c t u r e .  I t  was t h e r e f o r e  d e c i d e d  t o  use a c o m b i n a t i o n  of  
t e c h n i q u e s  namely f l u o r e s c e n t  dye i n  t h e  r e s i n  so t h a t  v o i d  a r e a  
would f l u o r e s c e  unde r  u l t r a  v i o l e t  l i g h t  bu t  a l s o  p h o to g ra p h  unde r  
phase  c o n t r a s t  c o n d i t i o n s .  The method  h a s  p ro d u ce d  e x c e l l e n t ,  h ig h  
c o n t r a s t  b l a c k  and  w h i t e  p h o t o g r a p h s .  The e s s e n t i a l  p r i n c i p l e s  
b e h in d  p h a s e  c o n t r a s t  w i l l  now be d i s c u s s e d  i n  f u r t h e r  d e t a i l .
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4 .2  Phase  C o n t r a s t
Most l i v i n g  c e l l s  a r e  v i r t u a l l y  t r a n s p a r e n t .  To overcome t h i s  
p rob lem  Z e r n i k e  (1934)  d e v e l o p e d  a p r o c e s s  c a l l e d  t h e  ' p h a s e - s t r i p  
method  f o r  o b s e r v i n g  p h a s e  o b j e c t s  i n  good c o n t r a s t '  or  phase  
c o n t r a s t  f o r  s h o r t  ( Z e r n i k e ,  1955;  Z e i s s ,  1936 ;  K o h le r  and Loos ,  
1 9 4 1 ) .  T h i s  fo rm ed  t h e  b a s i s  o f  phase  c o n t r a s t  m ic r o s c o p y  ( P l u t a ,  
197 5 ) .  The p r o c e d u r e  i s  t o  c o n v e r t  pha se  cha nges  i n t o  a m p l i t u d e  
c h a n g e s  w h i c h  a r e  v i s i b l e  t o  t h e  human e y e .  The method  i s  now in  
w i d e s p r e a d  u s e  p a r t i c u l a r l y  f o r  t h e  e x a m i n a t i o n  o f  d e l i c a t e  l i v i n g  
s t r u c t u r e s ,  e n a b l i n g  o b j e c t s  wh ich  a r e  a l m o s t  t r a n s p a r e n t  t o  be 
o b s e r v e d  c l e a r l y  and t h e i r  d e t a i l s  r e v e a l e d  o f t e n  i n  s h a r p  c o n t r a s t  
w i t h o u t  s t a i n i n g  o r  i n t e r f e r e n c e  w i t h  t h e i r  d e l i c a t e  s t r u c t u r e .
T h e r e  i s  v e r y  l i t t l e  e v id e n c e  f o r  t h e  use  of  t h e s e  methods  i n  t h e
s tu d y  of  r o c k  a nd  s o i l  t h i n  s e c t i o n s .
B i o l o g i c a l  sp e c im en s  t r a n s p a r e n t  t o  t h e  human e y e ,  b e c a u s e  they  
do n o t  change  t h e  i n t e n s i t y  or  a m p l i t u d e  of  l i g h t  p a s s i n g  t h r o u g h  
them, do change  t h e  phase  of  t h e  l i g h t  waves  r e l a t i v e  t o  t h e  g e n e r a l  
i l l u m i n a t i o n  bu t  t h e  human eye  i s  n o t  s e n s i t i v e  t o  t h e s e  c h a n g e s .  
These  s p e c i m e n s  a r e  made v i s i b l e  by phase  c o n t r a s t  t e c h n i q u e s .  I t  
i s  d i f f i c u l t  t o  g i v e  a r i g o r o u s  e x p l a n a t i o n  o f  phase  c o n t r a s t  
w i t h o u t  e l a b o r a t e  m a t h e m a t i c s  ( B a r e r ,  1 9 5 6 ) .  C o n s i d e r  l i g h t  p a s s i n g  
t h r o u g h  two c o n t r a s t i n g  o b j e c t s  ( f i g .  4 . 1 ) ,  t h e  f i r s t  p a r t i a l l y  
a b s o r b i n g  a n d  t h e  second  c o m p l e t e l y  t r a n s p a r e n t .  In  b o th  c a s e s  
c u r v e  A r e p r e s e n t s  t h e  i n c i d e n t  wave f a l l i n g  o n t o  t h e  o b j e c t  and
c u r v e  B t h e  em erg ing  w ave .  The i n t e n s i t y  of  t h e  l i g h t  i s
p r o p o r t i o n a l  t o  t h e  s q u a r e  of  t h e  a m p l i t u d e  of t h e  wave.  When l i g h t  
p a s s e s  t h r o u g h  a p a r t i a l l y  a b s o r b i n g  o b j e c t  t h e  i n t e n s i t y  i s  r e d u c e d  
and  a m p l i t u d e  lo w e r e d  ( f i g .  4 . 1  a ) .  The em erg ing  wave can  a l s o  be
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v i ew e d  a s  t h e  sum of t h e  o r i g i n a l  i n c i d e n t  wave and t h e  d i f f r a c t e d  
wave ( f i g .  4 . 1  b ) .  These two waves when added  t o g e t h e r  w i l l  r e s u l t  
i n  a wave s i m i l a r  t o  B. When l i g h t  p a s s e s  t h ro u g h  a t r a n s p a r e n t  
o b j e c t  ( s u c h  a s  q u a r t z )  no e ne rgy  i s  l o s t ,  so t h e  a m p l i t u d e  i s  n o t  
a l t e r e d .  N e v e r t h e l e s s ,  due t o  t h e  r e f r a c t i l e  p r o p e r t i e s  of  t h e  
o b j e c t ,  t h e  t r a n s m i t t e d  wave w i l l  e i t h e r  be advanced  o r  r e t a r d e d  i n  
p h a s e  r e l a t i v e  t o  t h e  i n c i d e n t  wave ( f i g .  4 . 1  c ) .  Once a g a i n ,  t h e  
em e r g in g  wave can  be r e p r e s e n t e d  a s  t h e  sum of  t h e  i n c i d e n t  wave and 
t h e  d i f f r a c t e d  wave ( f i g .  4 . 1  d ) .  T h e r e  i s  a n  i m p o r t a n t  d i f f e r e n c e  
b e tw e e n  t h e  two d i f f r a c t e d  waves  w h ich  i s  f u n d am e n ta l  t o  t h e  
p r i n c i p l e  of  phase  c o n t r a s t .  I n  t h e  c a se  of an a b s o r b i n g  o b j e c t  t h e  
d i f f r a c t e d  wave i s  e x a c t l y  h a l f  a  w a v e l e n g t h  ( 1 8 0 ° )  o u t  of phase 
w i t h  t h e  i n c i d e n t  wave.  A wave d i f f r a c t e d  by a t r a n s p a r e n t  o b j e c t  
i s  o u t  of  phase  w i t h  t h e  i n c i d e n t  wave by a v a r i a b l e  amount -  i t  
depends  on t h e  r e f r a c t i l e  p r o p e r t i e s  o f  t h e  o b j e c t  i n  q u e s t i o n .  For 
a  w e a k l y  r e f r a c t i l e  o b j e c t ,  t h e  wave i s  d i f f r a c t e d  by a p p r o x i m a t e l y  
q u a r t e r  of a w a v e l e n g t h .  Here i s  t h e  e s s e n t i a l  f e a t u r e  of  t h e  
t e c h n i q u e .  By means o f  an o p t i c a l  d e v ic e  t h e  phase  d i f f e r e n c e  
b e tw e e n  t h e  d i f f r a c t e d  and i n c i d e n t  wave i s  i n c r e a s e d  from abou t  90° 
t o  180° , so t h a t  t h e  two waves c a n c e l  each  o t h e r  ou t  a s  f a r  as  
p o s s i b l e .  C r e s t s  of  t h e  d i f f r a c t e d  wave c o r r e s p o n d  t o  t r o u g h s  of  
t h e  i n c i d e n t  wave ( f i g .  4 . 1  e ) . The sum of  t h e  i n c i d e n t  wave and 
t h e  a l t e r e d  d i f f r a c t e d  wave i s  a r e s u l t a n t  wave B s i m i l a r  t o  t h a t  i n  
( a ) .  To t h e  eye and  t h e  p h o t o g r a p h i c  p l a t e  an  o t h e r w i s e  t r a n s p a r e n t  
o b j e c t  would  a p p e a r  t o  be a p a r t i a l l y  a b s o r b i n g  one .
The phase  c o n t r a s t  m i c r o s c o p e  i s  v e r y  s i m i l a r  t o  t h e  normal  
p e t r o l o g i c a l  m ic r o sc o p e  ( f i g .  4 . 2 ) .  A d iaphragm w i t h  an  a n n u l a r  
a p e r t u r e  i s  mounted i n  t h e  a n t e r i o r  f o c a l  p l a n e  ( F ) o f  t h e  s u b s t a g e  
c o n d e n s e r  so t h a t  t h e  s l i d e  i s  i l l u m i n a t e d  by a ho l low  cone of
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l i g h t .  The d i r e c t  image of t h i s  b r i g h t  a n n u lu s  i s  formed by t h e  
o b j e c t i v e  i n  t h e  b a c k  f o c a l  p l a n e  (F")  t o g e t h e r  w i t h  t h e  d i f f r a c t i o n  
i m a g e s  (due  t o  t h e  s t r u c t u r e  i n  t h e  o b j e c t i v e )  which a r e  d i s p l a c e d  
from t h e  o p t i c  a x i s .  In  t h e  p l a n e  F" i s  p l a c e d  t h e  phase  p l a t e  
( x — x )  which  c a r r i e s  a n o t h e r  a n n u l u s  e x a c t l y  m a tc h in g  t h e  d im e n s io n s  
o f  t h e  d i r e c t  (o r  z e r o  o r d e r )  image of  t h e  c o n d e n se r  a n n u l u s .  Th is  
p l a t e  i s  d e s i g n e d  t o  i n t r o d u c e  a pha se  d i f f e r e n c e  of a q u a r t e r  of a 
w a v e l e n g t h  of  g r e e n  l i g h t  be tw een  t h e  beam which  i s  d i r e c t l y  
t r a n s m i t t e d ,  and t h e  l i g h t  d i f f r a c t e d  by t h e  o b j e c t  and p a s s i n g  
t h r o u g h  t h e  e n t i r e  a r e a  of t h e  b a c k  a p e r t u r e  of  t h e  o b j e c t i v e  n o t  
c o v e r e d  by t h e  a n n u l u s .  S e p a r a t e d  wave t r a i n s  o r i g i n a t i n g  from t h e  
same p o i n t  ( c o h e r e n t  w a ve s )  when r ec o m b in e d  i n t e r f e r e  t o  p roduce  
maximum d a r k n e s s  ( d e s t r u c t i v e  or  s u b t r a c t i v e  i n t e r f e r e n c e )  when they  
d i f f e r  i n  p h a s e  by h a l f  a w a v e l e n g t h .  The n e a r e r  t h e  d i f f e r e n c e  
a p p r o a c h e s  t h i s  v a l u e ,  t h e  g r e a t e r  t h e  e f f e c t  becomes.
C o n s e q u e n t l y ,  when t h e  pha se  d i f f e r e n c e  i s  z e r o ,  two such waves 
combine t o  g i v e  maximum b r i g h t n e s s  ( c o n s t r u c t i v e  or  a d d i t i v e  
i n t e r f e r e n c e ) .  I t  h a s  been  fo u n d  t h a t  f o r  t h e  g r e a t  m a j o r i t y  of  
c o l o u r l e s s  o b j e c t s  examined  by t h e  m ic r o s c o p e  a phase  p l a t e  which  
adds  a p h a s e  d i f f e r e n c e  of q u a r t e r  of  a w a v e l e n g t h ,  t o  t h a t  which  
a l r e a d y  e x i s t s  by v i r t u e  of t h e  a c t i o n  of  t h e  o b j e c t ,  w i l l  p roduce  
t h e  maximum e f f e c t .  A c c o r d in g  t o  t h e  d e s i g n  o f  t h e  phase  p l a t e ,  
d e s t r u c t i v e  o r  c o n s t r u c t i v e  i n t e r f e r e n c e  e f f e c t s  can  be i n t r o d u c e d .  
I f  t h e  f o r m e r ,  t h e n  a p a r t i c u l a r  o b j e c t  w i t h  a r e f r a c t i v e  i n d e x  
h i g h e r  t h a n  i t s  s u r r o u n d i n g s  w i l l  a p p e a r  d a r k  on l i g h t .  I f  t h e  
l a t t e r ,  t h e n  a n  o b j e c t  w i l l  a p p e a r  l i g h t  on d a r k .  In  t e r m s  o f  t h e  
phase  p l a t e  i f  t h e  a n n u l u s  ( x — x)  a c c e l e r a t e s  t h e  wave by q u a r t e r  of 
a w a v e l e n g t h  such  a o b j e c t  w i l l  a p p e a r  d a r k  ( p o s i t i v e  c o n t r a s t )  and  













6. Objective with phase plate
7. Image plane (eyepiece omitted)
F: anterior focal plane of the condenser 
z :  object
F ': posterior focal plane of the objective 
x -x :  phase plate (positive form)
Basic Lay Out of a Phase C ontrast  Microscope
C after  A. L. E. Barron ]
f ig.  4 . 2
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c o n t r a s t  ) .
The method h a s  d i s t i n c t  a d v a n t a g e s  when used  on  t r a n s p a r e n t  
o b j e c t s  but  l e s s  s a t i s f a c t o r y  images  r e s u l t  when i t  i s  u sed  on 
o b j e c t s  which  p r e d o m i n a t e l y  v a ry  t h e  a m p l i t u d e  and n o t  t h e  phase  of 
t h e  t r a n s m i t t e d  l i g h t .  T h e r e f o r e ,  phase  c o n t r a s t  does  n o t  h e l p  i n  
t h e  e x a m i n a t i o n  of  l i g h t  a b s o r b i n g  m a t e r i a l , such a s  w e l l  s t a i n e d  
s p e c i m e n s ,  a l t h o u g h  i t  may b e n e f i t  t h e  e x a m i n a t i o n  o f  f a i n t l y  
s t a i n e d  o b j e c t s .  A l l  t h e  t h i n  s e c t i o n s  t o  be used  i n  t h e  r e s e a r c h  
c o n t a i n e d  a f l u o r e s c e n t  d y e .  T h i s  d i d  n o t  seem t o  i m p a i r  t h e  f i n a l  
r e s u l t s  a s  p e r h a p s  w o u l d  a  c o l o u r e d  dye or  s t a i n .
4 .3 S a m p l ing
To c a l c u l a t e  t h e  minimum number of  p h o t o g r a p h s  n e e d e d  t o  
r e p r e s e n t  e ach  t h i n  s e c t i o n  t o  a s p e c i f i e d  a c c e p t a b l e  l e v e l  of 
a c c u r a c y  a  s l i d e  was c h o s e n  a t  random and t h e  c e n t r a l  a r e a  
p h o t o g r a p h e d  36 t i m e s .  Each p r i n t  was t h e n  a n a l y s e d  t o  a s s e s s  t h e  
p e r c e n t a g e  of  t h e  t o t a l  a r e a  p h o t o g r a p h e d  which  w e re  v o i d s .  A 
s i m p l e  s t a t i s t i c a l  p r o c e d u r e ,  b a s ed  on  t h e  S t u d e n t ' s  t  d i s t r i b u t i o n ,  
was f o l l o w e d  t o  c a l c u l a t e  t h e  r e q u i r e d  sample  s i z e  ( S i l k ,  1979,  
p . 163)  :
sam p le  =
s i z e
t n - l , a / 2  X s
Where s i s  a n  e s t i m a t e  of  t h e  s t a n d a r d  d e v i a t i o n  o f  t h e  p o p u l a t i o n  
of  m e a s u r e m e n ts  and  e i s  t h e  maximum t o l e r a b l e  s a m p l ing  e r r o r .  To 
s i m p l i f y  t h e  a r i t h m e t i c ,  t h e  i n i t i a l  t  v a l u e  i s  s e t  a t  two and t h e
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sam p le  s i z e  i s  t h e n  c a l c u l a t e d .  A new t  v a l u e  ( d . f .  = n -1 )  c a n  now 
be r e p l a c e d  i n  t h e  above  e q u a t i o n  and t h e  p r o c e d u r e  i s  r e p e a t e d  
u n t i l  t h e  sample  s i z e  v a l u e  l e v e l s  o u t .  For c a l c u l a t i n g  t h e  
p e r c e n t a g e  v o i d s  of  a t h i n  s e c t i o n  from b l a c k  and  w h i t e  p h o t o g r a p h s ,  
t h e  i d e a l  sample s i z e  i s  n i n e  p h o t o g r a p h s  o f  each t h i n  s e c t i o n  
( a p p e n d i x  B. 1 ) .
A g r a d u a t e d  s l i d e  w i t h  lOyUm and 100/X.m i n t e r v a l s  was a l s o  
p h o t o g r a p h e d  d e v e lo p e d  and e n l a r g e d  i n  e x a c t l y  t h e  same way a s  a l l  
o t h e r  p h o t o g r a p h s .  The sub s eq u e n t  p r i n t  e n a b l e d  t h e  t o t a l  
m a g n i f i c a t i o n ,  n o t  on ly  due t o  t h e  m ic r o s c o p e  bu t  a l s o  t h e  
p h o t o g r a p h i c  t r e a t m e n t ,  t o  be a c c u r a t e l y  c a l c u l a t e d  ( p l a t e  4 . 1 ) .
The f i n a l  m a g n i f i c a t i o n  i s  e s t i m a t e d  t o  be t im e s  320.  T h e r e f o r e  
ea ch  p r i n t  r e p r e s e n t s  and  a r e a  of 515^im by 365yUm of t h e  t h i n  
s e c t i o n .  A few v o i d s  l a r g e r  t h a n  500 m w e re  found  i n  some s e c t i o n s  
b u t  t h i s  r e s e a r c h  l i m i t e d  i t s e l f  t o  q u a n t i f y i n g  v o i d s  l e s s  t h a n  500 
yjm.
V a r io u s  s i z e  c l a s s i f i c a t i o n s  have  been  s u g g e s t e d  ( t a b l e  4 . 2 )  
b u t  t h e r e  i s  no u n i v e r s a l l y  a c c e p t e d  s y s te m .  J o n g e r i u s  X 1 9 6 3 ) .  
d e v i s e d  t h e  s i m p l e s t  c l a s s i f i c a t i o n  bu t  i t  f a i l s  i n  h a v i n g  t o o  low a 
c u t - o f f  f o r  m a c r o p o r e s .  ^Johnson , (1980)  overcame t h i s  p rob lem  
by i n t r o d u c i n g  a n  a d d i t i o n a l  two c l a s s e s  bu t  th e y  changed t h e  
n o m e n c l a t u r e  i n  t h e  p r o c e d u r e .  Brewer (1964)  a l s o  r e v i s e d  t h e  s i z e  
c l a s s e s  making  more  d i v i s i o n s  w i t h i n  t h e  s m a l l e r  s i z e s  bu t  h e  t e rm ed  
a m a c r o v o id  o r  p o r e  a s  a n y t h i n g  g r e a t e r  t h a n  75yMm. F i t z P a t r i c k  
(1980)  p r o p o s e d  a c l a s s i f i c a t i o n  which  i s  s u i t a b l e  f o r  c l a s s i f y i n g  
n o t  o n ly  p o r e s  bu t  a l s o  o t h e r  f e a t u r e s  i n  t h e  s o i l  such a s  d e t r i t a l  
g r a i n s ,  o r g a n i c  m a t e r i a l s  and  f a e c a l  r e m a in s .  The c l a s s e s  r a n g e  
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s y s te m  was a d o p t e d  i n  t h e  r e s e a r c h .  Hence t h e  p o r e s  be in g
q u a n t i f i e d  r a n g e  from medium t o  v e r y  s m a l l .
4 . 4  P h o t o g r a p h i n g  and  P r i n t i n g
i .  P h o t o g r a p h i c  p r o c e d u r e .
The use  of  a phase  c o n t r a s t  m ic r o s c o p e  h a s  i m p l i c a t i o n s  f o r  t h e  
t y p e  of  f i l m  u s e d  i n  o r d e r  t o  m ax im ize  t h e  c o n t r a s t  be tween  t h e  
v o i d s  a nd  t h e  r e s t  of t h e  s o i l ,  r e t a i n i n g  o n l y  t h e  p a r t i c l e  
o u t l i n e s .  The b e s t  c o n t r a s t  was o b t a i n e d  by u s i n g  a n  u l t r a  v i o l e t  
f i l t e r  and l i g h t  s o u r c e .  The v o i d s ,  f i l l e d  w i t h  r e s i n  and  t h e  dye ,
f l u o r e s c e d  s t r o n g l y  and a p p e a r e d  b r i g h t  b lu e  w h i l e  m i n e r a l  g r a i n s ,
o r g a n i c  m a t t e r  and  t h e  r e s t  of t h e  s o i l  m a t r i x  a p p e a r e d  b l a c k .
I l f o r d  FP 4 and  Pan  F a nd  Eas tm an  F ine  G r a i n e d  P o s i t i v e  ( b lu e  
s e n s i t i v e )  f i l m s  w e r e  i n v e s t i g a t e d .  The two I l f o r d  f i l m s  p ro d u ce d  
v e r y  t h i n  n e g a t i v e s  and s u b s e q u e n t l y  poor  p h o t o g r a p h s  w h i l e  t h e  
Eas tm an f i l m  r e s u l t e d  i n  e x c e l l e n t  h i g h  c o n t r a s t  p h o t o g r a p h s .
P h o t o g r a p h i n g  was l i m i t e d  t o  t h e  c e n t r a l  a r e a  of t h e  s l i d e  t o  
a v o i d  t h e  p e r i p h e r a l  a r e a s  t h a t  may have been  d i s t u r b e d  by t h e  tube  
e d g e s .  I n i t i a l l y  s i x  a r e a s  w e r e  p h o t o g r a p h e d .  They were randomly  
c h o s e n  by s l o w l y  moving t h e  s t a g e  i n  any d i r e c t i o n  but  a lw ays  
s t a y i n g  w i t h i n  t h e  c e n t r a l  a r e a .  Two d e c i s i o n s  w e r e  p o s s i b l e ;  
w h e t h e r  o r  n o t  t o  t a k e  a p h o t o g r a p h  w h e re  t h e  o b j e c t i v e  came t o  
r e s t .  T h e r e  w e r e  two o c c a s i o n s  when i t  was d e c i d e d  n o t  t o  t a k e  a 
p h o t o g r a p h .  I f  t h e  o b j e c t i v e  was f i l l e d  by a  l a r g e  m i n e r a l  g r a i n  o r  
v o i d  t h e  " s c e n e "  was r e j e c t e d .  T h i s  o c c u r r e d  o n l y  s e v e n  t i m e s  i n  
1450 p h o t o g r a p h s .
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i i .  D e v e lo p in g  t h e  p r i n t s .
To e n s u r e  c o n s i s t e n c y  t h r o u g h o u t  t h e  d e v e l o p i n g  s t a g e s  and 
c o n s i d e r i n g  t h e  l a r g e  number of h igh  c o n t r a s t  b l a c k  and w h i t e  
p h o t o g r a p h s  t o  be p ro d u ce d  a l l  d e v e l o p i n g  was done m a n u a l ly  by t h e  
r e s e a r c h e r .  Each s t a g e  of t h e  p r o c e s s  was t r i e d  and t e s t e d  b e f o r e  
t h e  m ain  n e g a t i v e s  w e r e  d e v e lo p e d  and p r i n t e d .  The Eastman f i l m  was 
d e v e lo p e d  i n  PQ U n i v e r s a l  ( d i l u t i o n  o f  1 :4 )  f o r  19 m i n u t e s .  I t  was 
f i x e d  ( d i l u t i o n  o f  1 : 4 )  f o r  tw ice  t h e  c l e a r i n g  t im e  which  was abou t  
40 s e conds  b e f o r e  b e i n g  washed  i n  c l e a n  r u n n i n g  w a t e r  f o r  20 
m i n u t e s .  A l l  n e g a t i v e s  w e r e  p r i n t e d  on I l f o s p e e d  M u l t i g r a d e  I I  
( 1 2 . 7  X 17 .8  c e n t i m e t r e s )  g l o s s y ,  medium w e i g h t  p a p e r  t o  p roduce  a 
" d e e p e r  b l a c k "  p r i n t  compared w i t h  t h e  m a t t  e q u i v a l e n t .  A l l  p r i n t s  
w e r e  e x p o s e d  f o r  n i n e  seconds  a t  F4, u s in g  f i l t e r  7 t o  g i v e  maximum 
c o n t r a s t .  P r i n t s  w e r e  d e v e lo p e d  i n  a s t a n d a r d  p a p e r  d e v e l o p e r  
( d i l u t i o n  o f  1 : 4 )  f o r  one m i n u t e ;  d i p p e d  q u i c k l y  i n t o  a s t o p  b a t h ;  
p l a c e d  i n t o  f r e s h  f i x  ( d i l u t i o n  of  1 : 7 )  f o r  30 seconds and  f i n a l l y  
washed i n  c l e a n  r u n n i n g  w a t e r  f o r  15 t o  20 m i n u t e s .  The p a p e r  
d e v e l o p e r  was changed  a f t e r  eve ry  50 p r i n t s  and  t h e  f i x  a f t e r  eve ry  
10 0 .  Each p o t e n t i a l  p r i n t  was numbered i n  p e n c i l  a s  soon  a s  i t  had 
b e e n  expo s u r  ed .  When i t  had be e n  d r i e d  i t  was r e - n u m b e r e d  i n  
i n d e l i b l e  i n k .  Some p h o t o g r a p h s  w e r e  e x p o s ed f o r  tw ice  t h e  
o r i g i n a l  t i m e .  These w e re  p h o t o g r a p h s  which had a l o t  of o r g a n i c  
m a t t e r  i n  them. C l o s e r  i n s p e c t i o n  o f  t h e  n e g a t i v e s  showed t h e s e  
a r e a s  t o  be d a r k  g rey  and n o t  b l a c k .  The e x t r a  e x p o s u re  t im e  
overcame t h i s  p ro b le m .  P r i n t s  w e r e  s t o r e d  u n t i l  c om p le te  s e t s  w e r e  
r e a d y  f o r  a n a l y s i s .
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4 .5  A n a l y s i s  of  t h e  Pho to g ra p h s
The second  s t a g e  i n  a m ic rom orphom et r i c  s tu d y  i s  t h e  t e c h n i q u e  
of  m e a s u r e m e n t .  P i c t u r e  or  image p r o c e s s i n g ,  p a t t e r n  r e c o g n i t i o n  
a nd  s c e n e  a n a l y s i s  a r e  some of t h e  te rms  used  t o  d e s c r i b e  methods  of 
e x t r a c t i n g  i n f o r m a t i o n  from ( u s u a l l y )  two d i m e n s i o n a l l y  d i s t r i b u t e d  
d a t a  ( F a b b r i ,  1 9 8 4 ) .  The image can be d e r i v e d  from t h i n  s e c t i o n s ,  
p o l i s h e d  b l o c k s  and  d r a w in g s .  Images can  be t h e n  p ro d u ce d  d i r e c t l y  
t h r o u g h  a  t e l e v i s i o n  camera ,  th ro u g h  a m i c r o s c o p e  o r  v i a  
p h o t o g r a p h s .  I n  t h i s  r e s e a r c h ,  t h e  s o i l : v o i d  r a t i o  was q u a n t i f i e d  
f rom p h o t o g r a p h s  u s i n g  a p r o c e d u r e  w i t h  a h i g h  d e g r e e  of  
r e p l i c a b i l i t y  and a u t o m a t i o n .  V a r ious  w o r k e r s  ha v e  summarized t h e  
e a r l y  c o n v e n t i o n a l  mic romorphometr  i c  m ethods  a s  a n e c e s s a r y  
b a c k g r o u n d  t o  t h e  more  r e c e n t  a d v a n c e s  ( I s m a i l ,  1975 ,  p . 8 - 1 1 ;
Delgado  a n d  D o r r o n s o r o ,  1983 , p . 7 2 ) .  The most  c o n v e n t i o n a l  m ethods ,  
a s  s u g g e s t e d  by Delgado and  D o r r o n s o r o  ( 1 9 8 3 ) ,  a r e  :
1 .  L i n e  m e a s u r e m e n t .  M easur in g  t h e  l e n g t h s  of  component s  by moving 
t h e  sample  r e l a t i v e  t o  p a r a l l e l  l i n e s  ( R e d l i c h ,  1940 ;  Swanson 
a n d  P e t e r s o n ,  1942;  Kub iena ,  1 9 4 3 ) .
2 .  P o i n t  c o u n t i n g .  A g r i d  i s  p l a c e d  o v e r  t h e  image and  components  
o r  f e a t u r e s  s i t u a t e d  a t  numerous p o i n t s  a r e  m e a s u r e d .  A l s o ,  
components  unde r  t h e  e y e p i e c e  c r o s s - h a i r  a r e  c o u n te d  d u r i n g  
v e r t i c a l  and h o r i z o n t a l  t r a v e r s e s  o f  a s e c t i o n  ( J o n g e r i u s ,  1963;  
S w ie to c h o w s k i  and J a b l o n s k i ,  1 9 6 4 ) .
3 .  Drawing a n d  w e i g h i n g .  D r a w i n g ^ o f  t h e  components  a r e  made on 
p a p e r  of  c o n s t a n t  d e n s i t y .  S e l e c t e d  o n e s  a r e  t h e n  c a r e f u l l y  cu t  
ou t  and  w e ig h e d  ( K u b ien a ,  1961;  Buol  and H o l e ,  1961 ;  G a d g i l ,  
1963) .
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4 .  P l a n i m e t r y .  T h i s  i s  s i m i l a r  t o  t h e  l a t t e r  method but  t h e  
s e l e c t e d  components  a r e  m easu red  u s i n g  a p l a n i m e t e r  (Kubiena e t  
a l . , 1 9 6 2 a ;  G u a r d i o l a  and De lgado ,  1969 . ) .
5 .  P h o t o m e t r y .  A p h o t o g ra p h  w i t h  t h e  s e l e c t e d  components  a l r e a d y  
c l e a r l y  d i s t i n g u i s h e d  i s  u s e d .  These components  a r e  measured  
u s i n g  a p h o t o - e l e c t r i c  c e l l  ( Kubiena  e t  a l . , 1963;  Beckmann 
and  G e y g e r ,  1967 ;  K u b i e n a , 1 9 6 7 ) .
6 .  P a r t i e l  e - s i z e  a n a l y s e r  ( Z e i s s  TGZ3) . A c i r c l e  of l i g h t  of 
v a r i a b l e  d i a m e t e r  i s  a l t e r e d  by a d iaphragm  t o  be e q u a l  t o  t h e  
w i d t h  of  each  component  t o  be m e a s u r e d .  The m ea s u rem e n ts  a r e  
a u t o m a t i c a l l y  r e c o r d e d  by 49 c o u n t e r s  e a c h  c o r r e s p o n d i n g  t o  a 
s e t  w i d t h  (Kub iena  e t  a l ^  , 1963 ;  J o n g e r i u s  and  J a g e r ,  1964;  
Bouma, 1969;  P a l a n ,  1972)
S e v e r a l  o p t i c a l  methods  w e r e  c o n s i d e r e d  f o r  e x t r a c t i o n  of 
i n f o r m a t i o n  from t h e  b l a c k  and  w h i t e  p h o t o g r a p h s  p ro d u ce d  i n  t h i s  
r e s e a r c h .  I n i t i a l l y  a d i g i t i z e r  was u s e d  t o  t r a c e  a ro u n d  t h e  v o i d  
a r e a s  bu t  t h e  d i g i t i z e r  was a s m a l l  bench t o p  model  and i n s t r u m e n t a l  
e r r o r  was such t h a t  o f t e n  a r e a d i n g  was p ro d u ce d  b e f o r e  a c i r c u i t  
a ro u n d  a n  a r e a  was c o m p l e t e ;  i t  was ; p a r t i c u l a r l y  i n a c c u r a t e  when 
t r a c i n g  a r o u n d  s m a l l  v o i d s .  T h i s  l e d  t o  a n  u n d e r e s t i m a t i o n  of  t h e  
p e r c e n t a g e  v o i d s .  The t e c h n i q u e  was a l s o  h i g h l y  p rone  t o  human 
e r r o r .  With i n c r e a s i n g  t i m e  from t h e  s t a r t  of a b a t c h  t h e r e  was an  
i n c r e a s i n g  t e n d e n c y  t o  become f a t i g u e d .
J o n g e r i u s "  (1963)  pho tog ram  a n a l y s e s  w e r e  i n v e s t i g a t e d  
i n c l u d i n g  t h e  TGZ3 and t h e  g rad e  of b l a c k n e s s  method (Kubiena  e t  a l ., 
1963) bu t  bo th  would  be v e r y  s low and l a b o r i o u s  t o  use g i v e n  t h e
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l a r g e r  s i z e  r e q u i r e d  i n  t h i s  r e s e a r c h .  Delgado and  D o r r o n s o r o  
(1983)  p o i n t  ou t  t h a t  t h e  i d e a l  p r o c e d u r e  s h o u l d  be r a p i d ,  a c c u r a t e  
and  b a s e d  on  a r e a  m e a s u r e m e n ts .  They f e e l  t h a t  t h e  t e c h n i q u e  comes 
q u i t e  n e a r  t o  t h e  i d e a l  w i t h  T e l e v i s i o n  Image A n a l y s i s  Systems 
(TVIAS) i n  wh ich  an image i s  d i s p l a y e d  v i a  a t e l e v i s i o n  camera o n t o  
a m o n i t o r ,  f rom h e r e  i t  i s  t r a n s f o r m e d  i n t o  a n  e l e c t r i c a l  impulse  i n  
a d e t e c t o r  m odu le .  The i n s t r u m e n t  i s  t h e n  s e t  t o  d e t e c t  a 
p a r t i c u l a r  g r e y  l e v e l ,  c o r r e s p o n d i n g  t o  t h e  component of i n t e r e s t ,  
and t h e  l e v e l  r e l a t e s  t o  t h e  s t r e n g t h  of  t h e  s i g n a l .  A f t e r  t h e  
s e t t i n g  h a s  been  made t h e  image s i g n a l  i s  a n a l y s e d  i n  t h e  com pute r .  
Delgado and  D o r r o n s o r o  (1983)  u s e d  t h e  Z e i s s  M ic ro -V id eom at  bu t  t h i s  
r e s e a r c h  d e a l t  w i t h  a s i m i l a r  sys tem c a l l e d  a Q u a n t im e t .
I n  t h e  e a r l y  197 0 " s  a s o p h i s t i c a t e d  p o i n t  c o u n t e r ,  t h e  
Q u a n t i m e t ,  was e s t a b l i s h e d  a s  b e in g  t h e  m a j o r  b r e a k - t h r o u g h  i n  r a p i d  
q u a n t i f i c a t i o n  o f  s o i l  s t r u c t u r e .  E a r l y  m ode l s  w e r e  l a r g e  i n  s i z e  
and  i n f l e x i b l e  i n  t h e i r  a b i l i t y  t o  p e r f o r m  o t h e r  t a s k s  but  
s u b s e q u e n t  im provem en ts  i n  t e c h n o l o g y  h a s  e n a b l e d  t h e  Q u a n t im e t  t o  
become a f a r  more compact  and  v e r s a t i l e  m a c h in e .  The p r i n c i p l e s  of  
t h e  Q u a n t im e t  720 a r e  d i s c u s s e d  i n  d e t a i l  i n  a number of  p a p e r s ,  i n  
p a r t i c u l a r  F i s h e r  (1971)  and  t h e  Imanco O p e r a t i n g  Manual ( 1 9 7 1 ) .  A 
Q u a n t im e t  720 c o n s i s t s  o f  two m a in  p a r t s .  The f i r s t  i s  e i t h e r  a 
m ic r o s c o p e  or  an  e p i d i a s c o p e .  The second  c o n s i s t s  of  a s c a n n e r ;  
sy s te m  c o n t r o l  m odule ;  s t a n d a r d  d e t e c t o r  module  and computer  
m odu le ;  v a r i a b l e  f ram e  and s c a l e  module  and f i n a l l y  a d i s p l a y  
m o n i t o r .  An o p t i c a l  image i s  fo rm ed  d i r e c t l y  from t h i n  s e c t i o n s  o r  
p h o t o g r a p h s  u s i n g  t h e  m i c r o s c o p e  o r  e p i d i a s c o p e  r e s p e c t i v e l y .  The 
image i s  s c anne d  by ^ 7 2 0 - l i n e  p lum b ion  s c a n n e r  10 .5  t i m e s  pe r  
s e c o n d .  Each l i n e  c o n t a i n s  910 p i c t u r e  p o i n t s  t h u s  making  a t o t a l  
of 65 5 ,2 0 0  p i c t u r e  p o i n t s  p e r  f r a m e .  The o u t p u t  i s  r e l a y e d  t o  a
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d e t e c t o r  w h e re  components  can  be s e l e c t e d  m easu rem en ts  a c c o r d i n g  t o  
t h e i r  common g rey  l e v e l  c h a r a c t e r i s t i c s .  Grey l e v e l  l i m i t s  a r e  
v a r i a b l e  and  components  wh ich  have  d i f f e r e n t  grey v a l u e s  t o  t h e i r  
s u r r o u n d i n g s  can be d i s c r i m i n a t e d  and  d e t e c t e d .  When t h e  computer  
h a s  d e t e c t e d  t h e  r e q u i r e d  com ponen t s  a number of f e a t u r e s  can be 
m e a s u r e d  such  as  a r e a  (A); p e r i m e t e r  ( P ) ;  h o r i z o n t a l  i n t e r c e p t  
( I ) ;  number  ( N ) ; end c o u n t  ( N e c ) ;  f u l l  f e a t u r e  coun t  (Nff)  and 
F e r e t ' s  d i a m e t e r .  A " s i z e r "  a l l o w s  t h e  p a r a m e t e r s  t o  be s u b m i t t e d  
t o  c h o r d  s i z e  c r i t e r i a .
V a r io u s  r e s e a r c h e r s  h a v e  a d a p t e d  t h e i r  t e c h n i q u e s  t o  i n c l u d e  
t h e  use  of  a Q u a n t im e t  i n  t h e  s tu d y  of  s o i l  s t r u c t u r e  
c h a r a c t e r i s t i c s  f rom t h i n  s e c t i o n s  and  p h o t o g r a p h s  ( J o n g e r i u s  e t  a l ,  
197 2 a ;  I s m a i l ,  197 5; Murphy e t  a l . , 1 9 7 7 a , b ) .  The S o i l  Su rvey ,  
R o t h a m s t e d ,  mach ine  was c o n s i d e r e d  bu t  i t  p r o v i d e s  a  h i g h e r  l e v e l  
of  i n f o r m a t i o n  t h a n  i s  r e q u i r e d  h e r e  wh ich  i s  s im ply  t h e  p e r c e n t a g e  
of  w h i t e  a r e a s  ( v o i d s )  i n  t h e  p h o t o g r a p h s .  An image a n a l y s e r ,  
w o r k in g  on  t h e  same p r i n c i p l e s  a s  t h e  Q u a n t im e t  but  a t  a s im p l e r  
l e v e l ,  was c h o s e n  t o  e x t r a c t  t h e  r e l e v a n t  i n f o r m a t i o n .
4 . 6  Image A n a l y s i s
The p h o t o g r a p h s  w e r e  a l l  d i g i t i z e d ,  t o  f a c i l i t a t e  r a p i d  
q u a n t i f i c a t i o n  of  s o i l  s t r u c t u r e  c h a r a c t e r i s t i c s ,  u s i n g  t h e  Image 
A n a l y s i n g  Sys tem b e l o n g i n g  t o  t h e  P a t t e r n  R e c o g n i t i o n  Group ,  P h y s i c s  
D e p a r tm e n t ,  Royal Hol loway C o l l e g e .  L i g h t  e ne rgy  i s  c o n v e r t e d  i n t o  
e l e c t r i c a l  i m p u l s e s .  An o b j e c t ,  p i c t u r e  or  p h o to g ra p h  i s  p l a c e d  
u n d e r  a t e l e v i s i o n  camera  and t h e  r e s u l t i n g  e l e c t r i c a l  s i g n a l s  a r e  
r e l a y e d  t o  a f r a m e  s t o r e  w h e re  t hey  a r e  d i g i t i z e d  and  s t o r e d .  The 
s u b s e q u e n t  image i s  s c an n e d  i n  a r a s t e r  of 128 h o r i z o n t a l  a c t i v e
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l i n e s .  Each l i n e  i s  d i g i t i z e d  i n t o  128 p i c t u r e  p o i n t s  or  p i x e l s  : 
t h e s e  a r e  a p p r o x i m a t e l y  s q u a r e  and a r e  c o n t i g u o u s  i n  t h e  h o r i z o n t a l  
and v e r t i c a l  d i r e c t i o n s .  Thus each  image i s  s u b - d i v i d e d  i n t o  a 
t o t a l  1 6 ,7 0 4  p i x e l s .  The i n t e n s i t y  of  each p i x e l  depends on t h e  
g rey  v a lu e  of t h e  o r i g i n a l  image .  A w h i t e  p o i n t  w i l l  have an  
i n t e n s i t y  v a l u e  of  63 w h i l e  a b l a c k  p o i n t  w i l l  have an i n t e n s i t y  
v a l u e  of 0 hence t h e r e  a r e  64  g r e y  l e v e l s  p e r  p i x e l .  These can  be 
m a n u a l ly  t h r e s h o l d e d  i n t o  a two l e v e l  b i n a r y  p i c t u r e  unde r  s o f t w a r e  
c o n t r o l  w i t h  t h e  a i d  o f  a j o y s t i c k .  A PDP-11/34 DEC compute r  h a s  
a c c e s s  t o  t h e  s t o r e d  i n f o r m a t i o n  v i a  a  computer  i n t e r f a c e .
A f t e r  numerous t r i a l  r u n s  and  t h e  deve lopm ent  of a program by 
Dr, E.R.  Dav ie s  ( a p p e n d i x  F)  which p e r m i t t e d  t h e  e f f i c i e n t  use  of 
o p e r a t o r  t im e  t h e  p r o c e d u r e  f o r  a n a l y s i n g  t h e  p h o t o g r a p h s  was a s  
f o l l o w s  : -
1 .  A p h o t o g r a p h  was p r e c i s e l y  p l a c e d  be tw een  two c a r d b o a r d  g u i d e s  
b e n e a t h  a t e l e v i s i o n  camera and l i t  w i t h  even  i l l u m i n a t i o n  from 
a 100 w a t t  s p o t l i g h t  b u l b .  N o n - r e f l e c t i v e  g l a s s  was used  t o  
keep  t h e  p h o t o g r a p h  f l a t  and  t o  e l i m i n a t e  g l a r e  f rom t h e  g l o s s y  
p a p e r .
2 .  The compute r  p rogram  was s t a r t e d  and  t h e  p h o t o g ra p h  was s c a n n e d ,  
d i g i t i z e d  a n d  s t o r e d  i n  t h e  f r a m e  s t o r e .
3 .  A t h r e s h o l d  was s e t  t o  p roduce  a two l e v e l  b i n a r y  p i c t u r e  which  
was f e l t  t o  r e p r e s e n t  t h e  o r i g i n a l  pho to g ra p h  w i t h  r e s o n a b l e  
a c c u r a c y .  The t o t a l  a r e a  h i g h e r  t h a n  t h e  t h r e s h o l d  v a l u e  ( i e .  
t h e  sum of  t h e  w h i t e  c o r r e s p o n d i n g  t o  v o i d s )  c o u l d  t h e n  be 
m e a s u r e d .
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4 .  The b i n a r y  p i c t u r e  was l i m i t e d  i n  s i z e  ( 1 4 ,3 8 4  p i x e l s )  so t h a t  
o n ly  p i x e l s  c o v e r i n g  t h e  pho tograph  were  q u a n t i f i e d .  T h i s  t o t a l  
a r e a  was t h e n  k e p t  c o n s t a n t  t h ro u g h o u t  t h e  a n a l y s i s .
5 .  Once t h e  b o r d e r s  w e r e  f i x e d  t h e  computer  p r o c e s s e d  t h e  d i g i t i z e d  
p i c t u r e  a nd  p r i n t e d  o u t  t h e  r e s u l t s  a s  a p e r c e n t a g e  of t h e  t o t a l  
a r e a .
To e n s u r e  r e p l i c a b i l i t y  t h e  f i r s t  p h o to g ra p h  was used  t h r o u g h o u t  a s  
a  s t a n d a r d .  I t  was  r e - p r o c e s s e d  ev e ry  s i x  p h o t o g r a p h s  t o  check  t h a t  
t h e  t h r e s h o l d  v a l u e  was s t i l l  t h e  same. T h i s  was  n e c e s s a r y  t o  t a k e  
a c c o u n t  of  t h e  c h a n g in g  d a y l i g h t  c o n d i t i o n s  d u r i n g  t h e  day .  I t  was 
t h o u g h t  t h a t  t h i s  p r o c e d u r e  was p r e f e r a b l e  t o  s t a n d a r d i z i n g  a l l  t h e  
r e s u l t s  a t  t h e  end b e c a u s e  s m a l l  c h a n g es ,  t h a t  o t h e r w i s e  would  have  
b e e n  o v e r l o o k e d ,  c o u l d  be m o n i t o r e d  and t h e  r e s u l t s  a d j u s t e d  
a c c o r d i n g l y .
The a c c u r a c y  of t h e  r e s u l t s  i s  i n f l u e n c e d  by a number of 
p a r a m e t e r s .  E x t e r n a l  e r r o r s  f rom c ha ng ing  l i g h t  c o n d i t i o n s  w e r e  
m o n i t o r e d  a s  f a r  a s  p o s s i b l e  and a d j u s t m e n t s  w e r e  made.  The whole  
s e t u p  was  c a r e f u l l y  n o t e d  and  m ea s u red  so t h a t  r e s u l t s  c o u ld  be 
r e p r o d u c e d  e x a c t l y  w i t h i n  t h e  l i m i t s  of  e x p e r i m e n t a l  e r r o r .  
I n s t r u m e n t a l  e r r o r ,  f o r  i n s t a n c e  n o i s e  f rom c u r r e n t  v a r i a t i o n s  o f  
t h e  e l e c t r o n i c  s y s t e m ,  was e s t i m a t e d  t o  be a b o u t  0 . 1  p e r c e n t .  Care 
must  be t a k e n  t o  a v o i d  e r r o r s  f rom poor  r e s o l u t i o n  a s s o c i a t e d  w i t h  
some t e l e v i s i o n  cam e ra s  and  t h e i r  s i g n a l .  Some cameras  can  p roduce  
g e o m e t r i c  d i s t o r t i o n s  of  t h e  image be c ause  of t h e  method  of  
s c a n n i n g ,  t h e  l e v e l  of m a g n i f i c a t i o n  and  t h e  p o s i t i o n  of  t h e  
component  on t h e  s c r e e n .  D o r r o n s o r o  e t  a l .  (197 8) found t h a t  
m easu rem en t  was mos t  a c c u r a t e  when t h e  o b j e c t  was p l a c e d  i n  t h e
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c e n t r e  of  t h e  s c r e e n  and maximum e r r o r  o c c u r r e d  a t  t h e  edges .  
P h o t o g r a p h s  w e r e  a lw a ys  p l a c e d  i n  t h e  c e n t r e  of t h e  s c r e e n  and t h e n  
a  b o r d e r  was p l a c e d  a r o u n d  t h e  a r e a  t o  be q u a n t i f i e d .  Th is  a v o id e d  
m e a s u r e m e n ts  i n  t h e  p e r i p h e r a l  a r e a  of t h e  s c r e e n .  A lso ,  hard  
c o p i e s  o f  a number of t h e  p r e - d i g i t i z e d  p i c t u r e s  w e re  t a k e n  t o  
a s s e s s  t h e  a c c u r a c y  of  t h e  t e l e v i s i o n  camera .  A s im p l e  p o i n t  count  
e x e r c i s e  was p e r f o r m e d  on t h e  h a r d  c o p i e s  and  t h e i r  c o r r e s p o n d in g  
p h o t o g r a p h s .  A 10 by 15 g r i d  was p l a c e d  o v e r  each one i n  t u r n .  I t
was n o t e d  e v e r y  t im e  a  g r i d  c o r n e r  l a y  on a w h i t e  a r e a  and
p e r c e n t a g e s  w e r e  c a l c u l a t e d .  I t  was fo u n d  t h a t  p e r c e n t a g e s  from t h e  
camera  p i c t u r e s  w e r e  c o m p a rab le  w i t h  t h e  p h o t o g r a p h s ,  t o  an  a c c u r a c y  
of  one p e r c e n t .
I t  was n e c e s s a r y  t o  c h e ck  t h e  r e s u l t s  t o  e n s u r e  t h a t  t h e  image 
p r o c e s s i n g  was  g i v i n g  r e a l i s t i c  a n s w e r s .  41 p h o t o g r a p h s  w ere  
ch o o s e n  a t  random and t h e  p e r c e n t a g e  v o i d a g e  c a l c u l a t e d  from p o i n t  
c o u n t s  (16 X 16 g r i d ) .  The p e r c e n t a g e s  e s t i m a t e d  by t h e  image 
p r o c e s s o r  w e r e  t h e n  compared t o  t h e  p o i n t  c oun t  p e r c e n t a g e s  by 
p l o t t i n g  them on a g r a p h .  The c o r r e s p o n d i n g  c o r r e l a t i o n  c o e f f i c i e n t  
was f o u n d  t o  be 0 . 9 8  and i s  s i g n i f i c a n t  a t  t h e  99.99% l e v e l
( a p p e n d i x  B . 2 ) .  B e a r in g  i n  mind p o s s i b l e  s o u r c e s  of  e r r o r s  and  t h e
a l t e r n a t i v e  methods  i t  was c o n c lu d e d  t h a t  t h e  a u to m a te d  p r o c e d u r e  
u s e d  i n  t h i s  s t u d y ,  t o  e x t r a c t  r e l e v a n t  i n f o r m a t i o n  from t h e  
p h o t o g r a p h s ,  gave  r e s u l t s  w i t h  t h e  r e q u i r e d  s t a n d a r d  of  a c c u r a c y  and 
r e p l i c a b i l i t y .
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V R e s u l t s
The f o l l o w i n g  c h a p t e r  c o n s i d e r s  t h e  r e s u l t s  and t h e i r  
i m p l i c a t i o n s  f o r  C u l l i n g "  s t h e o r y .  The p e r c e n t a g e  v o i d a g e  v a l u e s  
a r e  p l o t t e d  on  s c a l e d  p l a n  d rawings  and g e n e r a l i s e d  by u s i n g  mean 
v a l u e s  p e r p e n d i c u l a r  t o  a l i n e  drawn th r o u g h  t h e  c e n t r e  of  t h e  p o s t  
i n  t h e  d i r e c t i o n  of  maximum s l o p e .  They a r e  r e p r e s e n t e d  by t h r e e  
d i m e n s i o n a l  b l o c k  d i a g r a m s  and f i n a l l y  e x p r e s s e d  a s  t r e n d  s u r f a c e s .
To r e c a p i t u l a t e ,  s o i l  s am ples  w e r e  t a k e n  from aro und  two p o s t s ,  
one a  s l o p i n g  s i t e  -  Oberon Glade  and t h e  o t h e r  a f l a t  s i t e  -  
T h u r s l e y  Common. The p e r c e n t a g e  of  v o i d s  was e s t i m a t e d  from n in e  
b l a c k  a nd  w h i t e  p h o t o g r a p h s  of  s o i l  t h i n  s e c t i o n s .  The aim i s  t o  
i n v e s t i g a t e  t h e  p r e d i c t e d  d e n s i t y  p a t t e r n  a ro u n d  a n  o b s t a c l e ,  a s  
s u g g e s t e d  by C u l l i n g  (1981)  and  u s e  e m p i r i c a l  d a t a  t o  a s s e s s  w h e t h e r  
or  n o t  t h e r e  i s  any f i e l d  e v id e n c e  t o  s u p p o r t  h i s  t h e o r y .  The 
c o m p l e t e  s e t  of  r e s u l t s  i s  l i s t e d  i n  a p p e n d ix  A b u t  f o r  t h e  
f o l l o w i n g  d i s c u s s i o n  t h e  mean of  t h e  n i n e  p h o t o g r a p h s  f o r  each 
sample  i s  u s e d  ( t a b l e s  5 .1  t o  5 . 4 ) .  Most of  t h e  r e s u l t s  a r e  
p r e s e n t e d  i n  g r o u p s  a c c o r d i n g  t o  t h e i r  d i s t a n c e  a l o n g  a l i n e  drawn 
p e r p e n d i c u l a r l y  f rom a t a n g e n t  a t  t h e  p o s t ' s  c i r c u m f e r e n c e ,  i n  t h e  
d i r e c t i o n  of  maximum s lo p e  ( p l a t e  2 . 8  and 2 . 9 ) .  The r e m a in i n g  
r e s u l t s  ( T h u r s l e y  Common -  w e s t )  were from samples  t a k e n  a t  
d i s t a n c e s  drawn r a d i a l l y  f rom t h e  c i r c u m f e r e n c e  ( p l a t e  2 . 9 ) .  The 
f i n a l  column i n  t h e  t a b l e s  g i v e s  t h e  mean v a l u e  f o r  each d i s t a n c e  
and t h e s e  a r e  t h e  v a l u e s  w h ich  have  been  p l o t t e d  a t  r i g h t  a n g l e s  t o  
t h e  p o s t .  The c r o s s - s e c t i o n s  g i v e  t h e  g e n e r a l  p i c t u r e  of t h e  
c h a n g in g  s o i l  d e n s i t y  on e i t h e r  s i d e  of t h e  p o s t s .
OBERON GLADE
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d is tan c e(cm )  
from p o s t
upslopa mean
41 .0 1 5 .6 1 5 .9 21 .7 15.0 1 8 .6 16 .8 17 .3
33 .0 1 4 .3 1 4 .9 1 6 .5 1 6 .8 15 .6
23.0 1 6 .2 1 4.6 1 2 .7 15.1 1 2 .4 14 .2
17 .0 1 2 .2 1 2.7 1 3 .2 12.7
10 .0 13 .0 1 0 .7 11 .7 1 2.0 11 .6 9 .6  10.1 7 .2 9 .4 9 .2
Table 5.1
d is tan c e (cm )  
from p o s t
downslope mean
35.0 16 .0 1 8 .6 1 5 .2 21.8 1 7 .4 20.3 1 8 .9 1 7 .4 18 .2
28.0 1 8 .2 1 8 .9 21 .7 13 .0 17.1 1 3 .6 13 .3 16.5
20.5 1 4 .4 1 3 .3 1 5 .7 13 .8 12 .0 13 .6 1 2.1 13 .6
1 3 .0 1 0 .9 1 3 .7 11 .0 16 .0 1 5 .4 1 2.2 1 3 .2
6 .5 1 3 .9 13.1 1 2.7 1 2.5 1 2.3 1 0 .9 1 2.6 1 0 .2  10 .9 1 2.2
THURSLEY COMMON
Table 5 .2
di s tance [cm ]  
from p o s t
west
4 1 - 3 4 25.3 25.6 28.7 25.6 27.6 27.6 26.7
33 -  26 28.0 28.8 20.0 1 8 .4 23.0 22.2 21 .6 26.2 23.5
2 5 - 1 7 27.3 21 .4 23.3 25.2 26.1 24.6 27.7 24.8 23 .4 24.9
1 6 - 1 2 28.1 25 .4 26.8 26.2 31 .5 25.9 2 5 .4 29.2 27.3
1 1 - 7 25.8 26.2 28.8 31 .9 24.9 28.0 24.9 27.2
< 6 22.6 26.3 28.9 27.8 30 .7 27.7 31.1 23.7 27.3
Table 5 .3
d is ta n c e (c m )  
from p o s t
44.0





e a s t mean
22.5 23.6 23.8 28.7 28.3 25 .4
24 .4 23.6 22.6 27.1 24.7 24.5
22.3 24 .4 22.2 23.7 20.8 22 .2 25 .4 23.0
24.9 2 8 .4 28.3 30 .2 27.9
23.6 26.5 22.5 23.2 25.0 24.3 24.2
24.0 29.9 27.6 21 .9 23.3 1 7 .6 1 9 .7  23.6 23.5
T a b l e  5 . 4
-  115 -
5.1 P l p t t i r i g  Mean V a l u e s a t  R i g h t  A n g le s  ^  t h e  D r i f t  D i r e c t i o n
At Oberon  G l a d e ,  bo th  t h e  u p - s l o p e  and down-s lope  r e s u l t s  show 
a d e f i n i t e  t r e n d  o f  d e c r e a s i n g  s o i l  v o id a g e  towards  t h e  p os t  ( f i g .  
5 . 1 ) .  On t h e  u p - s l o p e  t h e  v a l u e s  r a n g e  from 17 .3  p e r c e n t  a t  41 
c e n t i m e t r e s  away from t h e  p o s t  t o  9 . 2  p e r c e n t  a d j a c e n t  t o  t h e  p o s t .  
On t h e  do w n -s lo p e  s i d e  t h e  v a l u e s  r a n g e  from 18 .2  p e r c e n t  a t  3 5 
c e n t i m e t r e s  f rom t h e  p o s t  t o  12 .2  p e r c e n t  when a d j a c e n t  t o  t h e  p o s t  
( t a b l e  5 .1  and 5 . 2 ) .  The r e s u l t s  f rom t h e  f l a t  s i t e  a t  T hu r s le y  
Common do n o t  show such a t r e n d  ( f i g .  5 . 2 ) .  On t h e  e a s t  s id e  t h e  
v a l u e s  r a n g e  from 2 5 . 4  p e r c e n t  a t  44  c e n t i m e t r e s  away from t h e  p o s t  
t o  2 3 . 5  p e r c e n t  when s i x  c e n t i m e t r e s  away.  On t h e  w e s t  s i d e  t h e  
v a l u e s  r a n g e  from 2 6 .7  p e r c e n t  a t  41 c e n t i m t r e s  away from t h e  p o s t  
t o  2 7 . 3  p e r c e n t  a d j a c e n t  w i t h  t h e  p o s t  ( t a b l e  5 .3  and 5 . 4 ) .  See 
a p p e n d i x  H f o r  a s e l e c t i o n  o f  t h e  p h o t o g r a p h s »
i .  T e s t i n g  t h e  s i g n i f i c a n c e  of t h e  d i f f e r e n c e .
The K r u s k a l - W a l l i s  t e s t ,  a n a l y s i s  o f  v a r i a n c e  by r a n k i n g ,  was 
u s e d ,  t o  t e s t  f o r  t h e  s i g n i f i c a n c e  of t h e  d i f f e r e n c e  be tw een  p l o t t e d  
v a l u e s  w i t h i n  e ach  s i t e .  The K-W t e s t  p r o v i d e s  a non-pa  rame t r i e  o r  
d i s t r i b u t i o n - f r e e  e q u i v a l e n t  t o  t h e  p a r a m e t r i c  F t e s t  f o r  t h e  
A n a l y s i s  o f  V a r i a n c e  ( S i l k ,  1979 ,  p . 1 9 2 ) .  I t  i s  assumed t h a t  
o r d i n a l  o r  r a n k e d  d a t a  a r e  a v a i l a b l e  i n  random sam p l ing  from t h r e e  
or  more p o p u l a t i o n s .  When t h e r e  a r e  a t  l e a s t  t h r e e  g r o u p s ,  t h e  n u l l  
h y p o t h e s i s  h o l d s  t h a t  t h e r e  i s  no d i f f e r e n c e  be tw een  t h e  t h r e e  group 
d i s t r i b u t i o n s .  I f  t h e r e  a r e  t h r e e  or  more g r oups  (k ^  3) w i th  a t  
l e a s t  f i v e  o b s e r v a t i o n s  i n  each  t h e n  t h e  v a l u e  of H f o l l o w s  a 
d i s t r i b u t i o n  w i t h  ( k - 1 )  d e g r e e s  of  f reedom ,  where  k i s  t h e  number of 
g r o u p s .  Each s e t  of  r e s u l t s  was i n d e p e n d e n t l y  r a n k e d  a s s i g n i n g  one
— 116 —
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t o  t h e  l o w e s t  v a l u e ,  two t o  t h e  second  low e s t  v a l u e  and so on.  
K r u s k a l - W a l l i s  H v a l u e s  were  c a l c u l a t e d  and compared t o  i c r i t i c a l  H 
v a l u e s  ( t a b l e  5 . 5 ) .
Oberon G lade  -  t h e  c a l c u l a t e d  H v a l u e  f o r  bo th  u p - s l o p e  and 
d o w n - s lo p e  r e s u l t s  i s  g r e a t e r  t h a n  t h e  c r i t i c a l  v a lu e  a t  t h e  99 
p e r c e n t  c o n f i d e n c e  l e v e l  and t h e  n u l l  h y p o t h e s i s  i s  r e j e c t e d .  
T h e r e f o r e ,  t h e r e  i s  a h i g h l y  s i g n i f i c a n t  d i f f e r e n c e  be tween  t h e  f i v e  
s e t s  o f  u p - s l o p e  r e s u l t s  and  b e tw e e n  t h e  f i v e  s e t s  of  down-slope  
r e s u l t s .
T h u r s l e y  Common -  t h e  c a l c u l a t e d  H v a l u e  f o r  bo th  t h e  e a s t  and 
w e s t  s i d e  r e s u l t s  i s  n o t  g r e a t e r  t h a n  t h e  c r i t i c a l  v a lu e  a t  t h e  95 
p e r c e n t  c o n f i d e n c e  l e v e l  and t h e  n u l l  h y p o t h e s i s  i s  a c c e p t e d .  
T h e r e f o r e  t h e r e  i s  no s i g n i f i c a n t  d i f f e r e n c e  be tw een  t h e  s i x  s e t s  of  
r e s u l t s  on  t h e  e a s t  s i d e  and  be tw e en  t h e  s i x  s e t s  of  r e s u l t s  on t h e  
w e s t  s i d e .
i i .  Comparing p l o t t e d  v a l u e s  w i t h  p r e d i c t e d  c u r v e s .
T h u r s l e y  Common was c h o s en  a s  a c o n t r o l  s i t e  ( f l a t )  b e c a u s e  t h e  
t h e o r y  p r e d i c t s  t h a t  i f  s o i l  movement i s  random and d i f f u s i v e  i n  
n a t u r e  t h e r e  s h o u l d  be no e v i d e n c e  of s y s t e m a t i c  p a t t e r n i n g  a r o u n d  
a n  o b s t a c l e  on f l a t  l a n d .  I n i t i a l  i n s p e c t i o n  of  t h e  T h u r s l e y  Common 
r e s u l t s  s u p p o r t s  t h i s  a r g u m e n t .  The re  was no s y s t e m a t i c  p a t t e r n i n g  
found  and t h e r e f o r e  i t  was t h e  i n t e n t i o n  t o  compare on ly  t h e  r e s u l t s  
from Oberon Glade  w i t h  t h e  p r e d i c t e d  c u r v e s .  The p r e d i c t i o n s  from 
t h e  t h e o r y  a r e  e x p r e s s e d  i n  t e r m s  o f  c o n c e n t r a t i o n  o r  d e n s i t y  and t o  
a s s i s t  c o m p a r i s o n  t h e  e m p i r i c a l  v a l u e s  have  been t r a n s f o r m e d  by 
s u b t r a c t i n g  t h e  v o i d a g e  from u n i t y  and t h e n  e x p r e s s i n g  a s  a r a t i o  of  
t h e  backg round  d e n s i t y  l e v e l  ( t a b l e  5 . 6 ) .  The mean of t h e  v a l u e s
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f u r t h e s t  away from t h e  p o s t  (55 c e n t i m e t r e s ) ,  on t h e  u p - s l o p e  s i d e ,  
was t a k e n  a s  b e i n g  t h e  g e n e r a l  background  v a l u e .
u p - s l o p e down-s lope
cm % d e n s i t y cm % d e n s i t y
from s o i l from s o i l
p o s t p o s t
55 81 .3 1 .000
41 82 .7 1.017 35 81 .8 1.006
33 84 .4 1 .038 28 83 .5 1.0 27
23 85 .8 1 .0 5 5 20 .5 86 .4 1 .063
17 87 .3 1 .0 7 4 13 86 .8 1 .068
10 9 0 .8 1 .117 6 .5 87.8 1,0  80
T a b l e  5 .6
The e q u a t i o n  u s e d  t o  c a l c u l a t e  t h e  p r e d i c t e d  c u r v e s  i s  o u t l i n e d  i n  
a p p e n d i x  C. The c u r v e s  show t h e  c o n c e n t r a t i o n  o f  p a r t i c l e s  a ro u n d  a 
c y l i n d i c a l  o b s t a c l e  f o r  v a r i o u s  v a l u e s  o f  U/D ( d o w n -s lo p e  d r i f t  
c o e f f i c i e n t  d i v i d e d  by d i f f u s i o n  c o e f f i c i e n t )  w i t h  i n c r e a s i n g  
d i s t a n c e  away from an  o b s t a c l e .  I t  must  be p o i n t e d  o u t  t h a t  t h e  
t h e o r y  t a k e s  no a c c o u n t  of t h e  i n c o m p r e s s i b i l i t y  of  t h e  p a r t i c l e s  
and  so a l t h o u g h  c o r r e c t  f o r  h e a t  c o n d u c t i o n  t h e  p r e d i c t i o n s ,  w i t h  
r e g a r d  t o  p a r t i c l e  d e n s i t y ,  become p h y s i c a l l y  i m p o s s i b l e  above a 
c e r t a i n  p o i n t .  F i g .  5 . 3  shows c u r v e s  f o r  v a l u e s  o f  U/D from 0 . 0 0 5  -  
1 .0  b u t  v a l u e s  p r e d i c t e d  above  0 . 0 2  a r e  p h y s i c a l l y  i n a p p l i c a b l e .
The s o i l  d e n s i t y  c a n n o t  i n c r e a s e  by t h r e e  or  f o u r  t i m e s  t h e  o r i g i n a l  
v a l u e .  The r e s u l t s  f rom u p - s l o p e  of t h e  p o s t  a t  Oberon  Glade  w ere  
found  t o  l i e  i n  t h e  r e g i o n  of  1 .0  t o  1 .2  ( t a b l e  5 . 6 )  and  t h e r e f o r e  
i t  was n e c e s s a r y  t o  expand  t h e  low e r  q u a r t e r  of t h e  graph  t o  a l l o w  
f o r  a b e t t e r  c o m p a r i s o n  w i t h  t h e  p r e d i c t e d  r e s u l t s .  The 0 .003 and
0 .0 0 2  c u r v e s  w e r e  c a l c u l a t e d  and  p l o t t e d  t o g e t h e r  w i t h  t h e  0 . 0 0 5  
c u r v e  a t  a l a r g e r  s c a l e  ( f i g .  5 . 4 ) .  The c u r v e s  show t h a t  t h e  t h e o r y  
p r e d i c t s  a n  i n c r e a s e  i n  t h e  c o n c e n t r a t i o n  o f  p a r t i c l e s  t ow a rds  t h e
























-  122 -
Predicted and empirai c u r v e s - u p  slope
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p o s t  ( i n c r e a s e  i n  s o i l  d e n s i t y )  o n  t h e  u p - s l o p e  s i d e .  The u p - s l o p e  
d e n s i t y  v a l u e s  f rom Oberon G lade  w e r e  p l o t t e d  and i t  i s  found  t h a t  
t h e  c u rv e  i s  q u a l i t a t i v e l y  s i m i l a r  t o  t h e  p r e d i c t e d  o n e s ,  in  b e in g  
concave  i n  n a t u r e  and o f  s i m i l a r  a b s o l u t e  v a l u e ,  bu t  has  a f a r  
s t e e p e r  g r a d i e n t .  The g r a d i e n t  o f  t h e  c u r v e  i s  more a k i n  t o  c u r v e s  
w i t h  l a r g e r  U/D v a l u e s .
F i g .  5 . 5  a shows t h e  c o n c e n t r a t i o n  of  p a r t i c l e s  down-s lo pe  from 
a c y l i n d i c a l  o b s t a c l e  f o r  v a r i o u s  v a l u e s  o f  U/D w i t h  i n c r e a s i n g  
d i s t a n c e  away from an  o b s t a c l e  ( r a d i u s  o f  10 c e n t i m e t r e s ) .  The 
r e s u l t s  f rom dow n-s lope  of  t h e  p o s t  l i e  i n  t h e  r e g i o n  l e s s  t h a n  1 .0  8 
and t h e r e f o r e  t h e  0 . 0 0 5 ,  0 .01 and 0 . 0 2  c u r v e s  w e re  r e - p l o t t e d  w i t h  
t h e  e m p i r i c a l  c u r v e ,  a t  a l a r g e r - s c a l e ,  t o  a l l o w  f o r  a b e t t e r  
co m p a r i s o n  t o  be made ( f i g .  5 . 5  b )  . The p r e d i c t e d  c u r v e s  t r e n d  
upwards away from t h e  o b s t a c l e ' s  bounda ry  and show t h a t  w h e r e a s  t h e  
t h e o r y  p r e d i c t s  low c o n c e n t r a t i o n s  o f  s o i l  p a r t i c l e s  t o w a rd s  t h e  
p o s t  ( d e n s i t y  v a l u e s  l e s s  t h a n  t h e  b a c kg round  v a l u e )  w i t h  a s t e a d y  
i n c r e a s e  i n  t h e  c o n c e n t r a t i o n  o f  p a r t i c l e s  away from t h e  p o s t  
to w ards  t h e  g e n e r a l  b a c k g ro u n d  l e v e l ,  t h e  e m p i r i c a l  c u rv e  f o r  t h e  
d o w n - s lo p e ,  on t h e  o t h e r  h a n d ,  shows a n  d e c r e a s e  i n  t h e  
c o n c e n t r a t i o n  o f  p a r t i c l e s  away from t h e  p o s t  w i t h  t h e  r e l a t i v e l y  
h i g h e r  d e n s i t y  v a l u e s  n e a r e s t  t o  t h e  p o s t .  The t r e n d  of  i n c r e a s i n g  
s o i l  d e n s i t y  t ow a rds  t h e  p o s t  i s  s i m i l a r  bu t  s l i g h t l y  l e s s  t h a n  t h a t  
on t h e  u p - s l o p e  s i d e  bu t  i t  i s  c o m p l e t e l y  i n  t h e  r e v e r s e  d i r e c t i o n  
t o  t h a t  p r e d i c t e d .
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5.2 C on t r o l  R e s u l t s
A number of t h i n  s e c t i o n s  w e r e  p r e p a r e d  from a c o n t r o l  s i t e .  
Samples  w e r e  c o l l e c t e d  f rom  a f l a t  a r e a  of  l a n d ,  away from t h e  
v i c i n i t y  of p o s t s ,  a t  T h u r s l e y  Common. The aim of t h e  e x e r c i s e  was 
two f o l d .  F i r s t , t o  c h e c k  t h a t  t r e n d s  a r e  n o t  d e t e c t a b l e  i n  a r e a s  
away from t h e  p o s t s .  Second ,  t o  o b t a i n  a n  e s t i m a t e  of t h e  g e n e r a l  
u n d i s t u r b e d  background  p a t t e r n .  Nine p h o t o g r a p h s  w e r e  t a k e n  from 
f o u r  t h i n  s e c t i o n s  and  t r e a t e d  a s  p r e v i o u s l y  d e s c r i b e d .  The v a l u e s  
r a n g e d  from 14 .1  p e r c e n t  up t o  1 5 .4  p e r c e n t  and  t h e r e  was no 
o b s e r v a b l e  p a t t e r n s  i n  t h e s e  v o i d a g e  r e s u l t s .  The K r u s k a l - W a l l i s  
t e s t  was u s e d  t o  a s s e s s  t h e  s i g n i f i c a n c e  of t h e  d i f f e r e n c e  be tw een  
t h e  v a l u e s  f rom each of  t h e  t h i n  s e c t i o n s  ( a p p e n d i x  B . 3 ) ,  The n u l l  
h y p o t h e s i s ,  t h a t  t h e r e  i s  no s i g n i f i c a n c e  d i f f e r e n c e  b e tw e en  t h e  
s e t s  o f  r e s u l t s ,  was a c c e p t e d  a t  t h e  95 p e r c e n t  c o n f i d e n c e  l e v e l .  
T h e r e f o r e ,  t h e  K r u s k a l - W a l  l i s  t e s t  shows t h a t  t h e r e  i s  no 
s i g n i f i c a n t  d i f f e r e n c e  b e tw e e n  any of  t h e  r e s u l t s  and  t h a t  t hey  a r e  
a l l  drawn from t h e  same p o p u l a t i o n .  The mean o f  t h e  r e s u l t s ,  14 .7  
p e r c e n t ,  i s  t a k e n  a s  t h e  ba c k g ro u n d  d e n s i t y  l e v e l  and i t  i s  lower  
t h a n  m os t  of  t h e  v a l u e s  o b t a i n e d  from t h e  two s i t e s  i n  t h e  v i c i n i t y  
of t h e  p o s t .  S o i l  s t r u c t u r e  i s  h e t e r o g e n o u s  i n  n a t u r e  and t h e r e f o r e  
any i n v e s t i g a t i o n  o f  t h i s  p r o p e r t y  has  t o  make s u r e  t h a t  t h e  
s a m p l in g  s t r a t e g y  a d o p t e d  i s  a d e q u a t e  enough t o  a c c u r a t e l y  q u a n t i f y  
i t .  The d a t a  o b t a i n e d  from t h e  c o n t r o l  s i t e  h a s  a s m a l l  s t a n d a r d  
d e v i a t i o n  and  a s t a t i s t i c a l  p r o c e d u r e  d i d  n o t  show them t o  be drawn 
from d i f f e r e n t  p o p u l a t i o n s  t h e r e f o r e  t h e  t e c h n i q u e  d e v e lo p e d  i n  t h e  
r e s e a r c h  i s  a s u i t a b l e  method  f o r  a c c u r a t e l y  e s t i m a t i n g  s o i l  
d e n s i t i e s .
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5.3  P r e s e n t a t i o n  of  r e s u l t s  i n  t h r e e  d i m e n s io n s
F u r t h e r  i n v e s t i g a t i o n  of  C u l l i n g ' s  p r e d i c t e d  p a t t e r n  r e q u i r e s  a 
more s p a t i a l l y  d i r e c t e d  s t u d y  of  t h e  r e s u l t s .  A computer  program 
was used  t o  p l o t  t h e  r e s u l t s  i n  t h e  form of  b l o c k  d i a g r a m s .  The 
program p e r f o r m s  a Delauney  ( n e a r e s t  n e i g h b o u r )  t r i a n g u l a t i o n  w i t h i n  
t h e  convex  h u l l  d e f i n e d  by t h e  s e t  of d a t a  i n  X a n d  Y ( i e .  i g n o r i n g  
t h e  Z v a r i a b l e  r e p r e s e n t i n g  t h e  p e r c e n t a g e  v o i d a g e ) .  Using t h i s  
t r i a n g u l a t i o n  i t  t h e n  f i t s  a  C' ( c o n t i n u o u s  bu t  n o t  d i f f e r e n t i a b l e )  
s u r f a c e  t o  t h e  d a t a .  F i g .  5 . 6  a t o  d shows t h e  Delauney 
t r i a n g u l a t i o n  a nd  t h e  s u p e r i m p o s e d  c o n t o u r s  f o r  Oberon  Glade and 
T h u r s l e y  Common. F i g .  5 . 7  a  t o  d a r e  t h e  p e r s p e c t i v e  v i ew s  o f  t h e  
s u r f a c e s  a p p r o x i m a t e d  by a 4 8  x 48 m a t r i x .  A com pute r  g r a p h i c s  
p r o c e d u r e  known a s  DIMFILM ( a p p e n d i x  E) was used  t o  draw t h e  b l o c k  
d i a g r a m s  f i r s t  on t o  a  T e k t r o n i k  VDU s c r e e n  a nd  t h e n  from p l o t f i l e s  
on  t o  p a p e r .
The b l o c k  d i a g r a m s  c l e a r l y  show t h e  t r e n d  o f  d e c r e a s i n g  v o i d a g e  
to w a rd s  t h e  p o s t  a t  O be ron  Glade  and t h e  u n s y s t e m a t i c  d i s t r i b u t i o n  
o f  v o i d a g e  a t  T h u r s l e y  Common. More i m p o r t a n t l y  t h e  d iag ram s  
h i g h l i g h t  t h e  s u b t l e  v a r i a t i o n  w i t h i n  each  s i t e .  T rend  s u r f a c e  
a n a l y s i s  was c h o o s e n  t o  s e p a r a t e  t h e  g e n e r a l  t r e n d  from t h e  l o c a l  or 
more random t r e n d  and  i s  now b r i e f l y  d i s c u s s e d .
5 .4 Trend  S u r f a c e  A n a l y s i s
i .  Theo ry .
T rend  s u r f a c e  a n a l y s i s  (TSA) was f i r s t  e x t e n s i v e l y  a p p l i e d  i n  
geo logy  by Krumbein a nd  G r a y b i l l  (1965)  bu t  i t  ha s  s e e n  i n c r e a s i n g  
u se  i n  ge ography  f o l l o w i n g  t h e  work  o f  C hor ley  and H a g g e t t ( 1 9 6 5 ) .
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Formal TSA a t t e m p t s  t o  f i t  m a t h e m a t i c a l l y  d e f i n e d  s u r f a c e s ,  of 
i n c r e a s i n g  c o m p l e x i t y ,  t o  s e t s  o f  p o i n t s  i n  t h r e e  d i m e n s i o n s .  The 
p o s i t i o n s  o f  t h e  p o i n t s  a r e  d e f i n e d  by t h e i r  g e o g r a p h i c  c o - o r d i n a t e s  
(X,Y) and  t h e  v a l u e  of  t h e  s p a t i a l l y  d i s t r i b u t e d  v a r i a b l e  (Z) . For 
example a l t i t u d e  ( K ing ,  1969 ;  Lew i n ,  1969 ;  T h o r n e s  a n d  J o n e s ,  
1969 ) ;  r a i n f a l l  (Unwin,  1969)  a n d  m ed ian  g r a i n  s i z e  ( C h o r le y  e t  a l ,  
1 9 6 6 ) .  S u b j e c t i v e l y  i s o l i n e d  ' o b s e r v e d  v a l u e '  maps c o u l d  be 
p roduced  f o r  t h i s  t y p e  of d a t a  b u t  t h i s  method h a s  s e v e r a l  d e f e c t s .  
I t  does  n o t  p r o d u c e  a m a t h e m a t i c a l  s t a t e m e n t  of  t h e  r e l a t i o n s h i p s  i n  
space  nor  does  i t  n e c e s s a r i l y  r e v e a l  t h e  most  s i g n i f i c a n t  p r o p e r t i e s  
o f  t h e  d a t a  a nd  i t  i s  ope n  t o  t h e  r i s k  t h a t  random, l o c a l  n o i s e  i n  
t h e  d a t a  w i l l  g i v e  m i s l e a d i n g  c o n t o u r s .  TSA a v o i d s  m os t  of  t h e s e  
p rob lem s  i n  p r o v i d i n g  c l e a r l y  d e f i n e d  m a t h e m a t i c a l  e q u a t i o n s  w h ich  
r e p r e s e n t  g e n e r a l i z e d  s u r f a c e s .  I t  i s  a p r o c e d u r e  by which each  map 
o b s e r v a t i o n  i s  d i v i d e d  i n t o  two o r  more v a l u e s ;  f i r s t l y ,  a  t r e n d  
v a l u e  a s s o c i a t e d  w i t h  l a r g e  s c a l e  s y s t e m a t i c  c h a n g e s  w h ic h  s t r e t c h  
from one edge of  t h e  map t o  t h e  o t h e r  and s e c o n d l y ,  r e s i d u a l  v a l u e s  
a s s o c i a t e d  w i t h  s m a l l  s c a l e  f l u c t u a t i o n s .
TSA i s  a r e g r e s s i o n  t e c h n i q u e  i n  wh ich  we a r e  d e a l i n g  w i t h  
p l a n e s  i n s t e a d  o f  l i n e s .  V a r i o u s  s u r f a c e s  can  be f i t t e d  such  a s  a 
f i r s t  o r d e r  l i n e a r  s u r f a c e ,  s econd  o r d e r  q u a d r a t i c ,  t h i r d  o r d e r  
c u b i c  a nd  so on ,  e a ch  one i n c r e a s i n g  i n  c o m p l e x i t y .  Two i m p o r t a n t  
v a r i a n t s  of  TSA e x i s t ,  namely m a t h e m a t i c a l  models  b a s ed  on 
t r i g o n o m e t r i c  F o u r i e r  p o l y n o m i a l s  o r  power s e r i e s  p o l y n o m i a l s .  Both 
use  t h e  l e a s t  s q u a r e s  m ethod  a nd  a r e  v a r i a n t s  of  t h e  G e n e r a l  L i n e a r  
m ode l .  F o u r i e r  m ode l s  a r e  however  most  a p p r o p r i a t e  t o  p e r i o d i c  
s u r f a c e s  and  a p e r i o d i c  s u r f a c e s  a r e  more common i n  g e o g r a p h i c a l  
d a t a .  Hence,  t h e  more g e n e r a l  power s e r i e s  m o d e l s ,  which a r e  a 
s p e c i a l  c a s e  of m u l t i p l e  r e g r e s s i o n ,  a r e  w i d e l y  u s e d  t o  a n a l y s e
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g e o g r a p h i c a l  d a t a .
The c o m p u t a t i o n  of  t h e  f i r s t  o r d e r  s u r f a c e  i s  i d e n t i c a l  t o  t h a t  
of  m u l t i p l e  r e g r e s s i o n .  The dep e n d en t  v a r i a b l e  (Z) i s  l o c a t e d  i n  
space  by two ' i n d e p e n d e n t '  c o - o r d i n a t e s  (X,Y) and  r e l a t e d  a s  f o l l o w s
Z = a + b l X  + b 2 Y
The n e x t  s t a g e  i s  t h e  c a l c u l a t i o n  of  v a l u e s  f o r  t h e  p a r a m e t e r s  b l ,
b2 and a .  T h e r e  a r e  t h r e e  m ain  ways :
1 .  U s ing  s h o r t  cu t  f o r m u l a e  -  d e v i a t i o n s  from t h e  mean
2 .  S o l v i n g  normal  s i m u l t a n e o u s  e q u a t i o n s
3 .  Us ing  a  m a t r i x  a l g e b r a  t e c h n i q u e  a s  i l l u s t r a t e d  i n  Krumbein
a nd  G r a y b i l l  (196 5) a n d  now us e d  i n  compute r  pa c k a g e s
Hand c o m p u t a t i o n  can  be used  w i t h  s m a l l  d a t a  s e t s  b u t  i s  found  t o  be 
t o t a l l y  i m p r a c t i c a l  w i t h  l a r g e  d a t a  s e t s  and  t h e  c a l c u l a t i o n  of  
h i g h e r  o r d e r  s u r f a c e s  where  a d d i t i o n a l  q u a d r a t i c ,  c u b i c ,  q u a r t i c  
t e r m s  a r e  i n c l u d e d  i n  t h e  above  e q u a t i o n .  I t  i s  now more common t o  
use  one of  t h e  a v a i l a b l e  compute r  p a c k a g e s .
When t h e  s u r f a c e  i s  computed i t  i s  n e c e s s a r y  t o  a s s e s s  t h e
s i g n i f i c a n c e .  A f i r s t  i m p r e s s i o n  o f  t h e  u s e f u l n e s s  i s  o b t a i n e d  by
c a l c u l a t i n g  t h e  m u l t i p l e  c o r r e l a t i o n  c o e f f i c i e n t  (R) b e tw een  t h e
v a r i a b l e s .  The s q u a r e  of t h i s  v a l u e  g i v e s  t h e  l e v e l  of
' e x p l a n a t i o n '  a c h i e v e d  by t h e  m o d e l .  In  TSA i t  i s  u s u a l l y  c a l l e d  
t h e  " p e r c e n t a g e  r e d u c t i o n  sum of s q u a r e s "  a n d  e x p r e s s e d  a s  a
p e r c e n t a g e .  I t  shows t h e  p e r c e n t a g e  of  t h e  t o t a l  v a r i a n c e  i n  Z
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a c c o u n t e d  f o r  by t h e  c a l c u l a t e d  f u n c t i o n s  of  X a nd  Y.
An im prove d  s p a t i a l  i m p r e s s i o n  of t h e  v a l i d i t y  of  t h e  s u r f a c e  
i s  o b t a i n e d  by p l o t t i n g  t h e  p r e d i c t e d  s u r f a c e  ; t h a t  i s ,  by 
s u b s t i t u t i n g  t h e  c o - o r d i n a t e s  of  d a t a  p o i n t s  i n t o  t h e  p r e d i c t e d  
e q u a t i o n  and  c a l c u l a t i n g  Z a t  each  p o i n t .  I s o l i n e s  drawn t h r o u g h  
t h e s e  p r e d i c t i v e  v a l u e s  w i l l  be c o n t o u r s  on t h e  t r e n d  s u r f a c e .  A 
r e s i d u a l  v a l u e  i s  t h e  d i f f e r e n c e  between  t h e  o b s e r v e d  v a l u e  of Z and 
t h e  c a l c u l a t e d  v a l u e  of  Z.  I f  p a t t e r n s  i n  t h e  r e s i d u a l s  s u g g e s t  
t h a t  d e v i a t i o n s  from t h e  t r e n d  s u r f a c e  model  a r e  n o t  r andom, t h e n  i t  
i s  n e c e s s a r y  t o  e i t h e r  f i t  t h e  n e x t  h i g h e r  o r d e r  s u r f a c e  t o  
' e x p l a i n '  t h e  d e v i a t i o n s  o r  t o  use  a d i f f e r e n t  v a r i a b l e .
F - t e s t s  c a n  be u s e d  t o  t e s t  t h e  o v e r a l l  s i g n i f i c a n c e  of  a t r e n d  
e q u a t i o n ,  p r o v i d e d  t h a t  t h e  r e s i d u a l s  do n o t  c o n t a i n  s y s t e m a t i c  
p a t t e r n s .  Commonly, however ,  F - t e s t s  a r e  u sed  a s  means  o f  d e c i d i n g  
w ha t  d e g r e e  p o ly n o m i a l  t o  f i t .  In  wh ich  c a se  th e y  a r e  u s e d  m e r e ly  as  
i n d i c e s  t o  h e l p  d e c id e  when t o  s t o p  w i t h o u t  r e g a r d  t o  any 
a s s u m p t i o n s  a b o u t  t h e  r e s i d u a l s  w h ic h  must  be s a t i s f i e d  i n  a 
r i g o r o u s  t e s t  of  s i g n i f i c a n c e .  The c a s e  i s  d i r e c t l y  a n a lo g o u s  t o  
t h e  use  of  F - t e s t s  i n  s t e p w i s e  m u l t i p l e  r e g r e s s i o n  t o  d e c i d e  w h e t h e r  
o r  n o t  t o  i n t r o d u c e  a n o t h e r  v a r i a b l e  i n t o  t h e  e q u a t i o n .
i i .  L i m i t a t i o n s .
Dav i s  (197 3) s a y s  t h a t  a t  a n  a b s o l u t e  minimum t h e  number of 
sample  p o i n t s  must  :
" .  . . e x c ee d  t h e  number of  c o e f f i c i e n t s  i n  t h e  po ly n o m ia l  
e q u a t i o n  o r  t h e  r e s u l t s  of  t h e  r e g r e s s i o n  a r e  i n v a l i d . "
TSA as sum es  a c o n t i n u o u s  d a t a  s e t  a l t h o u g h  t h e  model  u s e s  sample  
p o i n t s  and i t  a s sum es  t h a t  t h e  same f e a t u r e  can  t a k e  d i f f e r e n t
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v a l u e s  a t  e v e r y  p o i n t  between  t h e  sample p o i n t s .  T h i s  l i m i t s  t h e  
use  of TSA i n  Human Geography ,  n e v e r t h e l e s s  i t  h a s  been  a p p l i e d  t o  
d i s c r e t e  d a t a  such as  s e t t l e m e n t  p a t t e r n s .  The TSA map i s  a b e s t -  
f i t  s u r f a c e  f o r  a s e t  p o i n t s  each  of which i a  a n  o b s e r v a t i o n  which  
m ig h t  have  been  drawn from a p o p u l a t i o n  o f  v a l u e s  a t  t h a t  p o i n t .  I t  
i s  a r g u e d  t h a t  t a k i n g  a d i s t a n t  vi ew w i l l  a l l o w  f o r  d i s c r e t e  
p a t t e r n s  t o  a p p e a r  c o n t i n u o u s .  In  t h e o r y  i t  i s  n e c e s s a r y  t o  have  
random s am p les  bu t  i n  p r a c t i c e  t h i s  i s  o f t e n  d i f f i c u l t  t o  a c h i e v e .
I t  i s  t h e r e f o r e  s u g g e s t e d  t h a t  p r o v i d e d  t h e  r e s i d u a l s  a r e  random 
t h e n  t h e  t e s t  i s  v a l i d .
The s p a c i n g  o f  s am ples  can  h a v e  a s e r i o u s  e f f e c t  on e s t i m a t i o n  
o f  t h e  s c a l e  of  v a r i a b i l i t y  and o n  t h e  fo rm of  t h e  r e g r e s s i o n  
( D a v i s ,  1973 ,  p . 3 5 0 ) .  C l u s t e r i n g  o f  sample p o i n t s  h a s  a d e l e t e r i o u s  
e f f e c t  on t h e  t r e n d .  When a r e a s  o f  t h e  map h a v e  l i t t l e  i n f o r m a t i o n  
on  wh ich  t o  b a s e  t h e  t r e n d  s u r f a c e ,  h i g h e r  o r d e r  s u r f a c e s  can  be 
p ro d u ce d  w i t h  e r r o n e o u s  s t e e p  g r a d i e n t s  i n  t h o s e  a r e a s  w h e re  t h e r e  
i s  l i t t l e  d a t a  t o  s u p p o r t  t h e  p a t t e r n .  T h e r e  i s  no a p p a r e n t  
s o l u t i o n  t o  t h i s  p ro b le m .  Davis  (197 3) l ooked  a t  t h e  i n f l u e n c e  of 
c l u s t e r i n g  sam ple  p o i n t s  on t h e  t r e n d  s u r f a c e .  The e x p e r i m e n t s  
s u g g e s t e d  :
" t h a t  t r e n d  s u r f a c e  methods  may be more  r o b u s t  a g a i n s t  t h e  
e f f e c t s  o f  c l u s t e r i n g  t h a n  i s  commonly s u p p o s e d . "
The e x p e r i m e n t a l  t e s t s  u sed  w e r e  e s s e n t i a l l y  n o i s e - f r e e  and  Davis  
u n d e r l i n e d  t h e  f a c t  t h a t  more  s e v e r e  d i s t o r t i o n s  w e re  t o  be e x p e c t e d  
i n  t h e  p r e s e n c e  of  l o c a l  v a r i a t i o n .
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F i n a l l y ,  t h e r e  w i l l  be a v i o l a t i o n  of  t h e  independence  
r e q u i r e m e n t  of  t h e  G e n e ra l  L i n e a r  Model i f  v a r i a b l e s  a r e  no t  
i n d e p e n d e n t .  J o h n s o n  (1980 ,  p . 89) p o i n t e d  ou t  t h a t  :
"A s m a l l  amount  of co l  l i n e a r i t y  i s  o f t e n  t o l e r a t e d  i n  t h e  
r e g r e s s i o n  e q u a t i o n . . . . b u t  a c c u r a t e  t r e n d  s u r f a c e  mapping 
r e q u i r e s  u n c o r r e l a t e d  c o - o r d i n a t e  s e t s . "
I f  t h e r e  i s  c o r r e l a t i o n  b e tw een  a r e a s  of  t h e  map, i t  i s  b e t t e r  to  
r o t a t e  t h e  v a r i a b l e s  t o  remove t h e  p a t t e r n  and  t h e n  r e - c a l c u l a t e  t h e  
s u r f a c e .  I f  t h e  c o r r e l a t i o n  was  l e f t  i n ,  t h e r e  a r i s e s  t h e  
p r o b a b i l i t y  of  a h i g h e r  l e v e l  of e x p l a n a t i o n  t h a n  was w a r r a n t e d .  
A ga in  i t  i s  s u g g e s t e d  t h a t  p r o v i d e d  t h e  r e s i d u a l s  a r e  u n c o r r e l a t e d  
t h e n  t h e  i n d e p e n d e n c e  r u l e  i s  u p h e l d .
i i i .  Symap.
Because  of  t h e  l a r g e  d a t a  s e t s  i n v o l v e d  i n  t h i s  r e s e a r c h  and 
t h e  ne e d  t o  f i t  h i g h e r  o r d e r  s u r f a c e s  i t  was d e c i d e d  t o  c a l c u l a t e  
and  f i t  t r e n d  s u r f a c e s  by u s i n g  a compute r  p ro g ra m .  Symap 
( S y n a g r a p h i c  Mapping)  a v a i l a b l e  on t h e  Amdahl sys tem  a t  t h e  
U n i v e r s i t y  of  London Computer  C e n t e r  i s  a p rogram  f o r  p r o d u c i n g  maps 
on  a l i n e  p r i n t e r .  Four  b a s i c  maps may be g e n e r a t e d  : c o n t o u r ,
c o n f o r m a n t ,  p r o x im a l  and t r e n d  s u r f a c e .  The t r e n d  s u r f a c e  map i s  
d e r i v e d  by f i t t i n g  a p o l y n o m i a l  e q u a t i o n  t o  t h e  d a t a  p o i n t s  by a 
' l e a s t  s q u a r e s '  m e thod .  T rend  s u r f a c e  a n a l y s i s  a s sum es  a p l a n a r  
g r i d  of  r e f e r e n c e  bu t  a c o n i c a l  s u r f a c e  i s  e x p e c t e d  from t h e  
p r e d i c t i o n .  T h e r e  does  n o t  seem t o  be a p r o c e d u r e  a v a i l a b l e  t o  de a l  
w i t h  t h i s  p rob lem  t h e r e f o r e  i t  was d e c i d e d  t o  use t h e  Symap program 
t o  p e r f o r m  t r e n d  s u r f a c e  a n a l y s i s  on  t h e  r e s u l t s  i n  t h i s  r e s e a r c h .  
Sample p o i n t s  w e r e  l o c a t e d  by X and  Y c o - o r d i n a t e s  r e a d  from t h e  
i n i t i a l  s c a l e d  p l a n  d raw in g  o f  t h e  s i t e s .  L i n e a r ,  q u a d r a t i c ,  c u b ic
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and  q u a r t i c  s u r f a c e s  w e re  f i t t e d  and  t h e  c o r r e s p o n d i n g  c o r r e l a t i o n  
a nd  g o o d n e s s  o f  f i t  v a l u e s  a r e  summarized i n  t a b l e s  5 .7  t o  5 . 1 0 .
i v .  T re n d  s u r f a c e  a n a l y s i s  r e s u l t s .
( a ) O b e r o n  Glade
Down-s lope  t h e  c o r r e l a t i o n  c o e f f i c i e n t s  r a n g e  from 0 . 7 6  t o
0 . 8 7 ,  e x p l a i n i n g  58 p e r c e n t  and  76 p e r c e n t  r e s p e c t i v e l y  of  t h e
v a r i a t i o n .  U p - s l o p e  t h e  c o r r e l a t i o n  c o e f f i c i e n t s  r a n g e  from 0 .8 5  t o
0 . 9 1 ,  e x p l a i n i n g  73 p e r c e n t  a nd  81 p e r c e n t  r e s p e c t i v e l y  of t h e  
v a r i a t i o n .  C a l c u l a t e d  F v a l u e s  show t h a t  a l l  t h e  f i t t e d  s u r f a c e s  
a r e  s i g n i f i c a n t  ( t a b l e  5 . 1 1 ) .  F v a l u e s  f o r  t h e  p u r e  q u a d r a t i c ,  
c u b i c  a nd  q u a r t i c  s u r f a c e s  show t h a t  a l t h o u g h  each h i g h e r  s u r f a c e  
e x p l a i n s  m ore  of  t h e  v a r i a t i o n  t h e r e  i s  no s i g n i f i c a n t  improvement  
on t h e  l i n e a r  s u r f a c e .  The l i n e a r  s u r f a c e  i s  t h e  b e s t  f i t  t o  t h e  
d a t a  ( f i g .  5 . 8  a and b ) .
( b ) T h u r s l e y  Common
On t h e  e a s t  s i d e  t h e  c o r r e l a t i o n  c o e f f i c i e n t s  r a n g e  from 0 .2 1  
t o  0 . 5 1 ,  e x p l a i n i n g  5 p e r c e n t  a nd  25 p e r c e n t  r e s p e c t i v e l y  of  t h e  
v a r i a t i o n .  On t h e  w e s t  s i d e  t h e  c o r r e l a t i o n  c o e f f i c i e n t s  r a n g e  from
0 . 4 8  t o  0 . 7 1 ,  e x p l a i n i n g  23 p e r c e n t  and 51 p e r c e n t  r e s p e c t i v e l y  of 
t h e  v a r i a t i o n .  C a l c u l a t e d  F v a l u e s  show t h a t  s u r f a c e s  f i t t e d  t o  t h e  
d a t a  f rom t h e  w e s t  s i d e  a r e  a l l  s i g n i f i c a n t  b u t  a t  a  low er  
c o n f i d e n c e  l e v e l  t h a n  t h e  r e s u l t s  f rom Oberon G l a d e .  F v a l u e s  f o r  
t h e  p u r e  q u a d r a t i c ,  c u b i c  and  q u a r t i c  s u r f a c e s  show t h a t  they  do no t  
s i g n i f i c a n t l y  improve  on t h e  l i n e a r  s u r f a c e  ( t a b l e  5 . 1 1 ) .  The 
l i n e a r  s u r f a c e  was t h e  b e s t  f i t  t o  t h e  d a t a  ( f i g .  5 . 8  c and  d ) .  
S u r f a c e s  f i t t e d  t o  t h e  d a t a  f rom t h e  e a s t  s i d e  a r e  n o t  s i g n i f i c a n t .  
The c a l c u l a t e d  F v a l u e s  w e r e  l e s s  t h a n  u n i t y .
-  142 -
OBERON GLADE -  up s l o p e  (n=27)
L i n e a r  Q u a d r a t i c  Cubic  Q u a r t i c
v a r i a t i o n  187 .20 202 .26  206 .51 209 .13
e x p l a i n e d
v a r i a t i o n  6 9 .6 9  5 4 .6 3  50 .39 47 .76
n o t  e x p l a i n e d
c o r r e l a t i o n  0 .8 5  0 .89 0 .9 0  0 .9 1
c o e f f i c i e n t
p e r c e n t a g e  7 3 %  7 9 %  8 0 %  81%
r e d u c t i o n  SS
T a b le  5 .7
OBERON GLADE -  down s l o p e  (n=37)
L i n e a r  Q u a d r a t i c  Cubic  Q u a r t i c
v a r i a t i o n  1 9 9 .1 0  2 1 5 .6 8  2 2 1 . 2 8  26 2 .1 9
e x p l a i n e d
v a r i a t i o n  146 .69 13 0 .5 2  124 .92  84.01
n o t  e x p l a i n e d
c o r r e l a t i o n  0 . 7 6  0 .7 7  0 .8 0  0.87
c o e f f i c i e n t
p e r c e n t a g e  58 % 62 % 64 % 76 %
r e d u c t i o n  SS
T a b le  5 .8
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THURSLEY COMMON -  wes t  (n=46)
L i n e a r  Q u a d r a t i c  Cubic Q u a r t i c
v a r i a t i o n  8 8 . 4 8  91 .52 190 .77 196.51
e x p l a i n e d
v a r i a t i o n  297 .17 294 .13  194 .88  189.1
n o t  e x p l a i n e d
c o r r e l a t i o n  0 . 4 8  0 . 4 9  0 . 7 0  0 .7 1
c o e f  f  i c i e n t
p e r c e n t a g e  23 % 24 % 49 % 51 %
r e d u c t i o n  SS
T a b l e  5 .9
THURSLEY COMMON -  e a s t  (n=3 5)
L i n e a r  Q u a d r a t i c  Cubic  Q u a r t i c
v a r i a t i o n  1 2 .3 0  2 7 . 9 8  5 4 .6 5  6 8 .3 2
e x p l a i n e d
v a r i a t i o n  2 5 8 .3 2  , 2 4 2 .6 4  21 6 .0 0  202 .30
n o t  e x p l a i n e d
c o r r e l a t i o n  0 .2 1  0 . 3 2  0 . 4 5  0 .5 0
c o e f f i c i e n t
p e r c e n t a g e  5 % 10 % 20 % 25 %
r e d u c t i o n  SS
T a b le  5 . 1 0
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S i g n i f i c a n c e  of  t h e  T rend  S u r f a c e s  ( F - v a l u e s )
OBERON GLADE THURSLEY COMMON
up s l o p e  down s lo p e  w es t  e a s t
l i n e a r  3 2 .2 3  2 3 .1 0  6 .4 0  0 .7 6
( 3 . 4 0 )  ( 3 . 2 8 )  ( 3 . 2 0 )
q u a d r a t i c  1 .93 1 . 2 8  0 .1 3  0.67
( p u r e )  ( 3 . 0 7 )  ( 2 . 9 1 )
c u b i c  0 . 1 5  0 . 1 3  2 . 0 4  0 .7 0
( p u r e )
q u a r t i c  0 .0  5 0 . 7 6  0.07  0 . 4 8
( p u r e )
T a b l e  5 .1 1
The v a l u e s  i n  t h e  b r a c k e t s  a r e  t h e  c r i t i c a l  F v a l u e s  a t  t h e  95 % 
s i g n i f i c a n c e  l e v e l .  ^
—  1 4  5 —
L i n e a r  T r e n d  S u r f a c e
Oberon Glade -  upslope
POST
%
6 0  -  9  2 
9 2  -  12 4  
12 4 -  15 6 
15 6 -  18 8 
18 8 -  2 2  0
Z = - 3  6 + 0  6 5 X +  0-15Y
sampl e  point relative  
to post  (NTS)
f ig.  5.8 a
—  1 4  7 “ *
L i n e a r  T r e n d  S u r f a c e
Thursley C o m m o n - w e s t
POST
Oy
2 0  -  2 3
2 3  -  26
2 6  -  29
Z = 21 27 + 0  2 4 X + 0  19Y
sampl e  point relative  
to post  (NTS)
2 9  -  32 f i g .  5 . 8  c
—  14  8 —
L i n e a r  T r e n d  S u r f a c e
Thurs ley  C o m m o n -  east
POST
%
2 2  -  2 5 Z = 2 3  6 2 +  0 1 1 X - 0  25Y
2 5  -  2 8 • sample  point relative 
to post (NTS)
f i g . 5.8 d
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5 .5  D i s c u s s i o n  o f  t h e  R e s u l t s
At Oberon G l a d e ,  on t h e  u p - s l o p e  s i d e ,  t h e  t r e n d  of  d e c r e a s i n g  
v o i d a g e  tow a rds  t h e  p o s t  i s  t o  be e x p e c t e d  w i t h  s o i l  p a r t i c l e s  
moving  down t h e  s l o p e  and b u i l d i n g  up i n  f r o n t  of t h e  o b s t a c l e .  The 
c u r v e  p l o t t i n g  t h e  change  i n  d e n s i t y  tow ards  t h e  p o s t  and t h e  t r e n d  
s u r f a c e  maps c l e a r l y  show t h i s  bu t  t h e  g r a d i e n t  of t h e  e m p i r i c a l  
c u r v e  i s  much s t e e p e r  t h a n  t h e  p r e d i c t e d  c u r v e s  f o r  s i m i l a r  
d e n s i t i e s .  T h i s  may be b e c a u s e  t h e  U/D v a l u e s  a r e  much lower t h a n  
e x p e c t e d  and  c o u l d  be i n d i c a t i v e  of a h i g h  d i f f u s i o n  c o e f f i c i e n t  
(D ) ;  t h a t  i s , d i f f u s i v e  s o i l  movement h i g h e r  t h a n  p r e d i c t e d  by a t  
l e a s t  one m a g n i t u d e .  The p o s i t i o n  o f  t h e  e m p i r i c a l  c u rv e  i s  
s e n s i t i v e  t o  t h e  b a c k g ro u n d  v a l u e .  T h i s  was o b t a i n e d  from s o i l  
s a m p le s  a t  l e a s t  60 c e n t i m e t r e s  away from t h e  p o s t  on t h e  u p - s l o p e  
s i d e .  The mean v a l u e  ( 1 8 .7  p e r c e n t  v o i d s  o r  a d e n s i t y  of  8 1 .3 )  was 
u s e d  bu t  t h e  d a t a  s e t  h a s  a  s t a n d a r d  d e v i a t i o n  of  5 . 9 .  I f  t h e  l o w e r  
d e n s i t y  v a l u e  i s  t a k e n  ( d i v i d i n g  t h r o u g h o u t  by a v a l u e  e q u a l  t o  t h e  
mean + 1 s . d . )  we f i n d  t h a t  t h e  c u r v e  i s  now more a t t u n e d  t o  t h e  
p r e d i c t e d  v a l u e s  and  c u t s  a c r o s s  t h e  p r e d i c t e d  c u r v e s  a t  a much 
lower  a n g l e .  But i f  t h e  h i g h e r  d e n s i t y  v a l u e  i s  t a k e n  ( d i v i d i n g  
t h r o u g h o u t  by a v a l u e  e q u a l  t o  t h e  mean -  1 s . d . )  t h e  p r e d i c t e d  
c u r v e s  a r e  i n t e r s e c t e d  a t  e v e n  s t e e p e r  a n g l e s  ( f i g .  5 . 9 ) .
On t h e  dow n-s lope  s i d e ,  t h e  t r e n d  of  i n c r e a s i n g  s o i l  d e n s i t y  
tow ards  t h e  p o s t  i s  more  d i f f i c u l t  t o  e x p l a i n .  A d e f i n i t e  p u l l  away 
i s  p r e d i c t e d  by t h e  t h e o r y ,  w i t h  lower  d e n s i t y  v a l u e s  d i r e c t l y  i n  
f r o n t  of t h e  p o s t  and  t h e n  i n c r e a s i n g  away towards  t h e  g e n e r a l  
background  l e v e l  of 17 t o  18 p e r c e n t .  T h i s  phenomenon of  an 
i n c r e a s e  i n  t h e  p e r c e n t a g e  of  v o i d s  away from t h e  p o s t ,  or  
c o n v e r s e l y  i n c r e a s i n g  s o i l  d e n s i t y  towards  t h e  p o s t ,  may i n d i c a t e
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Predicted and empirical curves
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1 20
1 1 8 -
116  -
0 0 0 51 1 2 -
1 1 0 -
0  003
1 0 8 -
1 0 6 -
1 0 4 - 0 0 0 2
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t h a t  t h e r e  i s  i n c r e a s i n g  p r e s s u r e  tow ards  t h e  p o s t  on t h e  down-s lope  
s i d e .  T h i s  i s  n o t  a c c o u n t e d  f o r  i n  t h e  d i f f u s i o n  t h e o r y  and i t  i s  a 
m a j o r  f i n d i n g  o f  t h e  r e s e a r c h .
A p o s s i b l e  e x p l a n a t i o n  f o r  t h e  s t e e p n e s s  of  t h e  e m p i r i c a l  c u rve  
on t h e  u p - s l o p e  s i d e  and t h e  i n c r e a s e  i n  s o i l  d e n s i t y  to wards  t h e  
p o s t  on t h e  dow n-s lope  s i d e  may be t h a t  t h e  o r i g i n a l  d i s t u r b a n c e  and 
s u b s e q u e n t  c o m p a c t i o n  of  t h e  s o i l ,  a round  t h e  p o s t ,  i s  s t i l l  
i n f l u e n c i n g  t h e  s o i l  s t r u c t u r e  a f t e r  25 y e a r s  l a t e r .  T h i s  means 
t h a t  we a r e  n o t  d e a l i n g  w i t h  a s t e a d y  s t a t e  s y s te m .  The t im e  needed 
t o  r e t u r n  t o  a s t e a d y  s t a t e  i s  v a r i a b l e  and  c l e a r l y  depends  on t h e  
d e g r e e  of  i n i t i a l  d i s t u r b a n c e .  We ha v e  h e r e  a p a r a d o x .  I f  
c o m p a c t i o n  h a s  such a l o n g  l a s t i n g  e f f e c t  t h e n  t h e  d i f f u s i o n  
component  m us t  be weak i n d e e d .  On t h e  o t h e r  hand  t h e  a b s o l u t e  
v a l u e s  f o r  t h e  e m p i r i c a l  d a t a ,  a s  m e n t i o n e d  a b o v e ,  i n d i c a t e  a s t r o n g  
d i f f u s i v e  e l e m e n t  h i g h e r  by a t  l e a s t  one m ag n i tu d e  from e x p e c t e d  
v a l u e s .  A f i n d i n g  o f  a weak d i f f u s i o n  component h a s  s e r i o u s  
r e p e r c u s s i o n s  and  i m p l i c a t i o n s  f o r  p r e s e n t  day m e a s u r i n g  t e c h n i q u e s  
w h ich  a u t o m a t i c a l l y  assume t h a t  any d i s t u r b a n c e ,  a r i s i n g  from t h e  
i n t r o d u c t i o n  of  v a r i o u s  d e v i c e s  i n t o  t h e  s o i l ,  i s  r a p i d l y  d i s s i p a t e d  
w i t h i n  a few y e a r s .
The s o i l  d e n s i t y  p a t t e r n  b e i n g  i n v e s t i g a t e d  a r o u n d  t h e  
o b s t a c l e s  i n  t h i s  r e s e a r c h  may be t h e  r e s u l t  of  a type  of f low 
movement and  n o t  random, d i f f u s i v e  movement a s  p r e d i c t e d  by C u l l i n g .  
I f  s o i l  was f l o w i n g  a r o u n d  o b s t a c l e s  such a s  p o s t s  t h e r e  would  s t i l l  
be a n  i n d i c a t i v e  p a t t e r n  of  s o i l  d e n s i t y  t o  be d e t e c t e d .  In  t h e o r y  
t h e r e  wou ld  be h i g h e r  p r e s s u r e  on t h e  u p - s l o p e  s i d e ,  low er  p r e s s u r e  
on t h e  s i d e s  and  a d e f i n i t e  r i s e  i n  p r e s s u r e  on t h e  dow n-s lope  s i d e .  
T h i s  i s  a w e l l  known p a r a d o x  ( D 'A le m b e r t  -  see  B i r k h o f f ,  1950 ,  p . 10)
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from hydrodynam ic  t h e o r y  of n o n - v i s c o u s  f l u i d s .  Rega rd ing  i t s  
p a r a d o x i c a l  n a t u r e  which  seems t o  go a g a i n s t  a l l  e x p e c t a t i o n  of 
common s e n s e ,  e x p e r i m e n t a l  v a l u e s  h a v e  shown t h a t  t h e r e  i s  a r i s e  i n  
p r e s s u r e  b e h ind  c i r c u l a r ,  c y l i n d r i c a l  o b s t a c l e s  ( G o l d s t e i n ,  1 9 3 8 ) .  
N e v e r t h e l e s s  t h i s  t h e o r y  and t h e  e x p e r i m e n t a l  ev id e n c e  a r e  concerned  
w i t h  low v i s c o s i t y ,  h ig h  v e l o c i t y  t y p e  f low  and t h i s  does n o t  seem 
t o  be a p p l i c a b l e  t o  t h e  b e h a v i o u r  o f  a  h i g h  v i s c o s i t y  medium such a s  
t h e  s o i l .  No e v id e n c e  of s u r f a c e  f l o w  and  s c o u r i n g  a round  t h e  p o s t s  
was o b s e r v e d  a t  e i t h e r  s i t e s .  T h e r e f o r e ,  t h e r e  i s  l i t t l e  ev id ence  
from t h i s  r e s e a r c h  t o  s u g g e s t  t h a t  t h e  s o i l  i s  moving by a l a m in a r  
type  f l o w ,  a s  f o r  example i n  s o l i f l u c t e d  f l o w .
Looking  c l o s e l y  a t  t h e  t r e n d  s u r f a c e  maps t h e  d e c r e a s i n g  
v o i d a g e  tow ards  t h e  p o s t  i s  t h e  do m in a n t  f e a t u r e  u p - s l o p e  and down 
s l o p e .  Most of t h e  s am p les  w e r e  t a k e n  p e r p e n d i c u l a r  t o  a  l i n e  drawn 
t h r o u g h  t h e  c e n t r e  of  t h e  p o s t  i n  t h e  d i r e c t i o n  o f  maximum s l o p e .  A 
s i g n i f i c a n t  amount  of p o t e n t i a l  s a m p l in g  a r e a  was d e s t r o y e d  d u r i n g  
t h e  rem oval  of  t h e  s o i l  u s i n g  t h e  t r e n c h  m ethod .  T h i s  was 
e s p e c i a l l y  so on  t h e  two s i d e s  o f  t h e  p o s t s .  Hence,  most  of t h e  
r e s u l t s  r e f e r  t o  a l i n e a r  s t r i p  o f  l a n d  w h ic h  i s  p a r a l l e l  to  t h e  
downwards d r i f t .  I f  t h e  r e s u l t s  a r e  c o n s i d e r e d  w i t h  t h i s  i n  mind 
t h e y  do seem t o  f i t  t h e  t h e o r y  q u i t e  w e l l .  I t  i s  o b v i o u s  t h a t  
f u r t h e r  work s h o u l d  a d o p t ,  w heneve r  p o s s i b l e ,  t h e  d i r e c t  i n s e r t i o n  
method f o r  c o l l e c t i n g  s o i l  s a m p le s  a s  u s e d  a t  T h u r s l e y  Common on t h e  
w e s t  s i d e  of t h e  p o s t .  T h i s  m ethod  s i g n i f i c a n t l y  r e d u c e s  t h e  amount  
of  p o t e n t i a l l y  i m p o r t a n t  s o i l  t h a t  i s  l o s t  due t o  s a m p l ing  
d i s t u r b a n c e .
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At T h u r s l e y  Common, u n l i k e  t h e  above  Oberon Glade  d a t a ,  t h e  
r e s u l t s  do n o t  show obv ious  t r e n d s  o r  p a t t e r n s .  T h i s  i s  t o  be 
e x p e c t e d  on  a f l a t  s i t e  b e c au s e  t h e r e  i s  no p r e f e r r e d  d i r e c t i o n  t o  
t h e  s o i l  movement (no d r i f t  component )  and  t h e r e f o r e  t h e r e  i s  an  
e q u a l  p r o b a b i l i t y  of  s o i l  moving i n  any d i r e c t i o n  a r o u n d  t h e  p o s t .  
T h e r e  i s  no s i g n i f i c a n t  d i f f e r e n c e  b e tw e en  t h e  r e s u l t s  on  t h e  e a s t  
s i d e  o r  b e tw e en  t h e  r e s u l t s  on t h e  w e s t  s i d e  and  t h e y  b e a r  no 
r e s e m b l a n c e  t o  t h e  p r e d i c t e d  c u r v e s  f o r  s l o p i n g  s i t e s .  A l l  t h i s  i s  
c o n s i s t e n t  w i t h  t h e  t h e o r y  of  random d i f f u s i v e  s o i l  movement on a 
f l a t  s i t e .  The a p p a r e n t  d e c r e a s e  i n  t h e  v o i d a g e  on t h e  e a s t  s i d e  of 
t h e  p o s t  c o u l d  be due t o  r e s i d u a l  s o i l  c o m p a c t io n  from when t h e  p o s t  
was i n s t a l l e d  i n  1 9 5 2 / 5 2 .  A ga in  t h i s  s u g g e s t s  t h a t  t h e  d i f f u s i o n  
component  i s  weak .
T rend  s u r f a c e  a n a l y s i s  o f  t h e  d a t a  r e i n f o r c e s  some of t h e  e a r l y  
f i n d i n g s .  On t h e  e a s t  s i d e  of  t h e  p o s t  t h e  q u a r t i c  s u r f a c e  p roduced  
lo o k s  n o t h i n g  l i k e  t h e  p r e d i c t e d  p a t t e r n  and  i t  on ly  a c c o u n t s  f o r  25 
p e r c e n t  of  t h e  t o t a l  v a r i a t i o n .  Look ing  a t  t h e  f o u r  t r e n d  s u r f a c e  
maps p ro d u c e d  f o r  t h e  w e s t  s i d e  none seem t o  f i t  C u l l i n g ' s  p a t t e r n .  
The i n c r e a s e  i n  s o i l  v o i d a g e  t w a r d s  t h e  p o s t  d o m in a te s  t h e  t r e n d .
A s m a l l  h o l e ,  p e r h a p s  due t o  a s m a l l  a n i m a l ' s  bu r row ,  was n o t e d  n e a r  
t o  t h e  p o s t  when s a m p l i n g .  L a r g e r  v o i d a g e  r e s u l t s  i n  t h i s  a r e a  ( t h e  
bo t tom  SSE c o r n e r  of  t h e  t r e n d  map) may be c a u s i n g  a f a l s e  t r e n d  
which  r e a l l y  i s  n o t  t h e r e .  The s u r f a c e s  a c c o u n t  f o r  v e r y  l i t t l e  of 
t h e  v a r i a t i o n ,  a t  t h e  most  50 p e r c e n t .  T h e r e f o r e  t h e  t r e n d  s u r f a c e  
r e s u l t s  do s u g g e s t  t h a t  t h e r e  i s  no p a t t e r n i n g  on e i t h e r  s i d e  of t h e  
p o s t  a t  t h e  f l a t  s i t e .  These  f i n d i n g s  from t h e  T h u r s l e y  Common d a t a  
a r e  c o n s i s t e n t  w i t h  C a l l i n g ' s  t h e o r y  of d i f f u s i v e  s o i l  movement.
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VI Conclusions
Most  o f  t h e  p a s t  work d e a l i n g  w i t h  s o i l  c r e e p  can  be c a t e g o r ­
i s e d  i n t o  two main  g r o u p s .  A m i n o r i t y  have  be e n  c o n c e r n e d  w i t h  t h e  
e x a c t  mechanism and t h e o r y  o f  t h e  p r o c e s s  w h i l e  t h e  m a j o r i t y  have  
d e a l t  w i t h  f i e l d  and l a b o r a t o r y  m easu rem en t  o f  t h e  p r o c e s s .  Both 
t h e s e  a p p r o a c h e s  i n v o l v e  i n v e s t i g a t i n g  s o i l  movement o v e r  t im e  and 
n um erous  p r o b le m s  and a s s u m p t i o n s  a r i s e .  These  have  been  d i s c u s s e d  
i n  d e t a i l  i n  t h e  o p e n in g  c h a p t e r  o f  t h i s  t h e s i s  and c a t a l o g u e d  i n  
C u l l i n g  ( 1 9 8 1 ) .  T h i s  r e s e a r c h  by a s su m in g  a  s t e a d y  s t a t e  c o n d i t i o n ,  
d i f f e r s  f rom  e a r l i e r  i n v e s t i g a t i o n s  i n  a t  l e a s t  one i m p o r t a n t  
r e s p e c t  -  t h e  method  i n v o l v e s  j u s t  one s e t  o f  o b s e r v a t i o n s ,  which  
may t h e r e f o r e  be d e s t r u c t i v e .  As f a r  a s  i s  known, t h i s  i s  t h e  f i r s t  
t i m e  s u c h  an  a p p r o a c h  h a s  b e e n  u s e d  i n  f i e l d  work t o  i n v e s t i g a t e  
s o i l  c r e e p .  As p o i n t e d  o u t  by C u l l i n g  (1983 )  t h e  a p p r o a c h  i s  
d e s i g n e d  t o  be c om ple m e n ta ry  t o  e x i s t i n g  m easu rem en t  t e c h n i q u e s .  
F u r t h e r m o r e  a  s t o c h a s t i c  t h e o r y  o f  s o i l  c r e e p  was p r o p o s e d  i n  t h e  
1 96 0 s  ( C u l l i n g ,  1963;  1965)  and  t h e  r e s u l t s  p r e s e n t e d  i n  t h i s  t h e s i s  
a r e  t h e  f i r s t  f i e l d  e v i d e n c e  r e l a t i n g  s p e c i f i c a l l y  t o  t h a t  t h e o r y .
The f i r s t  a im o f  t h e  r e s e a r c h  was t o  d e v e l o p  f r e s h  t e c h n i q u e s  
f o r  i n v e s t i g a t i n g  random s o i l  movement .  As h a s  been  documented 
e a r l i e r  i n  t h e  t h e s i s  e x i s t i n g  t e c h n i q u e s  were o f  i n s u f f i c i e n t  
a c c u r a c y  and p r e c i s i o n  t o  a r b i t r a t e  on t h e  p r e d i c t i o n s  o f  t h e  
t h e o r y .  V a r i o u s  a v e n u e s  were c o n s i d e r e d  b u t  i t  was d e c i d e d  t o  
exam ine  m i c r o - c h a n g e s  i n  s o i l  d e n s i t y  f rom t h i n - s e c t i o n s .  The 
t h e s i s  d e t a i l s  t h e  p r o b le m s  t h a t  a r o s e  and t h e  manner  i n  which  t h e y  
w e re  ove rcom e.  The a d o p t e d  p r o c e d u r e  i n v o l v e d  remov ing s o i l  s a m p le s  
f rom  t h e  f i e l d  s i t e ,  i m p r e g n a t i n g  them p r i o r  t o  t h i n - s e c t i o n i n g  and 
t h e  u s e  o f  an  a u to m a te d  p r o c e d u r e  t o  q u a n t i f y  t h e  s o i l  v o i d  r a t i o .
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The t e c h n i q u e  a s  a d o p t e d  a t t a i n e d  t h e  r e q u i s i t e  e x p e r i m e n t a l  
c r i t e r i a ,  i t  p r e s e r v e d  s o i l  s t r u c t u r e  and gave  an u n e q u i v o c a l  
e s t i m a t e  o f  v o i d a g e  so  t h a t  t h e  i n v e s t i g a t i o n  was a b l e  t o  p r o c e e d  a t  
a  h i g h e r  l e v e l  o f  p r e c i s i o n  ( t h r e e  d e c i m a l  p l a c e s )  t h a n  i s  c u s tom ary  
i n  g e o m o rp h o lo g y .
A l t h o u g h  d e v e l o p e d  s p e c i f i c a l l y  f o r  t h e  p rob lem  a t  hand ,  t h e  
t e c h n i q u e  do e s  have  wide  p o t e n t i a l  u s e  i n  o t h e r  s o i l  s t u d i e s  b o th  i n  
t h e  s h o r t  t e r m  -  d e n s i t y  ch a n g es  upon v e g e t a l  g r o w t h ,  a p p l i c a t i o n  o f  
f e r t i l i s e r ,  m i c r o - c l i m a t i c  c h a n g e ,  c h a n g e s  i n  s o i l  d r a i n a g e  and 
m o i s t u r e  -  and  i n  t h e  l o n g  t e rm  -  s e c u l a r  c h a n g e s  i n  d e n s i t y  and 
s t r u c t u r e  s u b s e q u e n t  t o  v e g e t a l  c h a n g e ,  c l i m a t i c  c h a n g e ,  t h e  
p r o g r e s s  o f  w e a t h e r i n g  i n  a  v a r i e t y  o f  c l i m a t i c  r e g i m e s ,  t h e  
i n v e s t i g a t i o n  o f  p a l a e o s o l s ,  t h e  a n a l y s i s  o f  a r c h a e o l o g i c a l  s i t e s .
The u s e  o f  image a n a l y s i s  h a s  become i n c r e a s i n g l y  p rom ine n t  i n  
t h e  q u a n t i f i c a t i o n  o f  s o i l  s t r u c t u r e  o v e r  t h e  l a s t  d e c a d e .  The 
t e c h n i q u e  u s e d  h e r e  employs  c o n s i d e r a b l e  r e f i n e m e n t s  o v e r  cus tom ary  
t e c h n i q u e s ,  u s i n g  d y e s ,  p h a s e  c o n t r a s t  and u l t r a - v i o l e t  p h o t o g r a p h i c  
m e th o d s  t o  e nha nce  t h e  image o f  t h e  s o i l  p r o p e r t y  i n  q u e s t i o n  ( i n  
t h i s  c a s e  v o i d s ) .  The p o s s i b i l i t y  o f  v a r i a b l e  r e s p o n s e  t o  t h e  image 
a n a l y s e r  means t h a t  t h e  t e c h n i q u e  i s  n o t  l i m i t e d  t o  an  a l l  o r  
n o t h i n g ,  0 - 1 ,  m e a s u r e m e n t .  I f  c o n s t i t u e n t s  o f  t h e  s o i l  can  be 
c h a r a c t e r i s e d  by a  f a i r l y  w e l l  d e f i n e d  g r e y  l e v e l  t h e n  r e p e t i t i o n  o f  
t h e  p r o c e d u r e  a t  v a r y i n g  c u t - o f f  p o i n t s  g i v e s  t h e  p o t e n t i a l  f o r  t h e  
a n a l y s i s  o f  s o i l  c o m p o s i t i o n  and s t r u c t u r e  t o  a  f i n e r  d e g r e e  t h a n  
w i t h  e x i s t i n g  t e c h n i q u e s .
H a v ing  d e v e l o p e d  t h e  method o f  e s t i m a t i n g  v o i d a g e  t o  t h e  
p r e s c r i b e d  p r e c i s i o n  and a c c u r a c y  t h e  second  aim o f  t h e  r e s e a r c h
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-  th e f i e ld  v e r if ic a t io n  of a s to c h a st ic  theory o f s o i l  creep  
(C u llin g , 1963) could be s e t  in  m otion.
S o i l  i s  a p a r tic u la te  array and any bulk movement w i l l  include  
a random component. In ad d ition  there may be a preferred d irectio n  
to  th e  movement of the p a r t ic le s ,  induced by ex tern a l forces which 
are f a c i l i t a t e d  by the in t r in s ic  random displacem ent of each 
p a r t ic le .  The problem i s  how la rg e  both r e la t iv e ly  and a b so lu te ly  
are the random (d iffu s io n )  and the preferred  ( d r i f t )  v a lu es . Thus 
the major assumptions are:
1 . S o i l  p a r t ic le s  moving in  a random, d if fu s iv e  manner.
2 . A superimposed down-slope d r i f t  component present (slop in g  s i t e )
3 . With time a steady s ta te  w i l l  e x is t  w ith  an in d ic a tiv e  density
p attern  around a c ir c u la r , c y lin d r ic a l  o b sta c le  as shown in
p la te  6 .1  (se e  a lso  f i g .  1 .4 )
The main problem here i s  the d iscovery  o f  su ita b le  s i t e s .  The 
more gen era l and fundamental a s c i e n t i f i c  theory the more d i f f i c u l t  
i t  becomes to  fin d  c ru c ia l t e s t  s itu a t io n s  p a r t ic u la r ly , as in  th is  
resea rch , where i t  i s  necessary to  make the experim ents. The 
c r i t e r ia  have already been d e ta ile d  (Ch. 2 ) to  ensure that the 
in f lu e n c e  o f redundant v a r ia b le s  and extraneous disturbances are 
kept to  a minimum w hile providing for a d ateab le  o b stac le  of simple 
symmetry to  a llow  for a n a ly t ic a l p red ic tio n  and o f a s iz e  to g ive on
the one hand measureable d en sity  v a r ia t io n s , but on the other hand
s
not o f  a s iz e  to bu ild  up a counterslope so a lte r in g  the conditions  
o f the problem and inducing n o n -lin e a r ity .
A fter  considerab le research two main s i t e s  were chosen to t e s t  
the th eory , one slop in g  and the other f l a t .  In the presence o f a
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surface gra d ien t, on the up-slope s id e  o f the p o st, the pattern  
found i s  q u a lita t iv e ly  as predicted and supports the theory but on 
the down-slope s id e  the r e s u lt s  are the complete opposite  to those 
p red ic ted . Furthermore the em pirical up-slope curve of voidage 
p resen ts a paradoxical s itu a t io n . The gradient of the curve as a 
whole i s  steep er  than expected for the appropriate values for the 
r a t io  U/D w hile  the values fo r  U/D i t s e l f  are much lower than 
expected when using the customary wisdom r e la t in g  to ra tes of s o i l  
creep . Thus on the one hand the gradient im p lies a weak e f fe c t  
w h ile  on the other the value i t s e l f  im p lies a strong d iffu s io n  
c o e f f ic ie n t .
I f  the d if fu s io n  c o e f f ic ie n t  i s  weak as i s  p a r t ia l ly  suggested  
then the p o s s ib i l i t y  a r ise s  of res id u a l compaction or other d is tu r ­
bance to  the s o i l  s t i l l  d e tec ta b le  a fte r  twenty years. This has 
bearing on a l l  e x is t in g  methods o f estim atin g  s o i l  creep.
On the down-slope s id e  the data in d ic a te s  an increase in  s o i l  
d e n is ty  and th is  may suggest an in crease  in  pressure behind the 
p o s t . This i s  not accounted for in  the d if fu s io n  theory and i f  
su b sta n tia ted  by further work i s  a major fin d in g  o f the research. 
Although res id u a l compaction, from the time o f in se r t io n , could a lso  
be a cau sa l fa c to r . On the le v e l  s i t e  there i s  no evidence of a 
d e n s ity  pattern  around the post and th is  i s  in  accordance with the
theory and m itig a tes  aga in st the su rv iv a l o f any compaction.
}
Therefore i t  can be claimed th at some of the research evidence 
i s  in c o n c lu s iv e . This can be a ttr ib u ted  to two main fa c to r s .
The i n i t i a l  d i f f i c u l t y  in  find in g su ita b le  s i t e s  and secondly the 
r e s u lt s  are somewhat ambiguous but provide a paradox that in v ite s
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r e so lu t io n . There are three main areas for  fu rther in v e s tig a tio n
a r is in g  from th is  research .
1 . Improvement of the technique. This research has found th a t .th e  
c r i t i c a l  region  fo r  in v e s t ig a t in g  th e predicted  pattern  i s  
w ith in  an area no more than 50 cen tim etres away from the p ost. 
Future work, along th ese l in e s ,  should l im it  i t s e l f  to  th is  
reg ion  and develop the technique using tu b es, in serted  d ir e c tly  
down in to  th e s o i l  su rface , in stead  of using Kubiena t in s .
There i s  a need for more d en sity  va lu es from the s id es  of p o sts . 
E ventually  i t  should be p o ss ib le  to  use the data to estim ate the 
ra te  of s o i l  movement over a f ix e d  period of tim e. One of the 
major fin d in gs of the research was the increasin g s o i l  density  
towards the post on th e down-slope s id e . Further in v e s t ig a tio n  
of s o i l  on the down-slope side of posts i s  necessary to  
e s ta b lis h  whether or not the in crea sin g  trend i s  unique to th is  
research s i t e  or a c tu a lly  is  of general occurence. It i s  not 
accounted for in  th e d if fu s io n  theory or indeed any other theory 
of s o i l  creep and a thorough enquiry in to  th is  fin d in g  would 
improve our understanding o f the exact nature of s o i l  movement.
2 . R eso lu tion  of the paradox. A comparison w ith the em pirical 
up-slope curve and the pred icted  curves suggests th at the 
d if fu s io n  component of the s o i l  movement i s  r e la t iv e ly  weak. At
the same time the sm all U/D v a lu es  imply that the d if fu s io n
component i s  larger  than expected by at le a s t  one magnitude. I t
i s  important th at th is  paradox i s  reso lved  in  any future work as
i t  i s  a cru cia l step  towards a tta in in g  a b etter  estim ate of the 
magnitude of the d if fu s io n  c o e f f ic ie n t .
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3 . Extension to  include other techn iques. A more e f f ic ie n t  way to  
extract data from the th in  sec tio n s  should be sought and the use 
of X-rays could prove to be a most promising avenue in further  
in v e s t ig a t io n s . An X-ray technique has been used in  the la te  
1960's (Greacen, F a rre ll and F orrest, 1967) to  measure the 
d is tr ib u tio n  of d en sity  on a sem i-m icroscopic sc a le  around a 
penetrometer h o le , in order to  t e s t  a th eo r e tic a l model of the 
p en etration  mechanism. X-rays have not been used in  th is  
in v e s t ig a t io n  but they are recognised  as  having great p oten tia l 
in fu tu re  s tu d ie s  in v o lv in g  q u a n tif ic a t io n  o f s o i l  structural 
p rop erties  from th in  s e c t io n s .
A p p e n d i x  A  -  r e s u l t s
J  OBERON GLADE -UPSLOPE
no. of  d i s t a n c e  depth(mm)
s l i d e  from from % voidage mean
post(cm ) s u r f a c e
6 41 80 18..2 1 4 .2 18.1 28.3 14 .7 1 0 .6 10 .9 1 4 .5 1 0 .5 1 5 .6
7 41 70 13,.8 1 7 .0 1 6 .7 15 .9 1 9 .7 18.1 14.1 1 4.7 1 3 .5 1 5 .9
8 41 40 18.,3 19 .3 22.1 22.3 28.3 27.3 20.1 1 9 .8 1 7 .7 21 .7
9 41 50 1 6.,2 1 7 .4 18.3 13.3 15 .7 13.1 1 1 .4 16 .0 1 2.3 15.0
10 41 130 1 2.,4 16 .3 23.2 25.7 18.3 1 8 .2 15 .0 20.5 1 7 .6 18 .6
11 41 70 23.,7 1 6 .5 15 .8 1 3 .9 1 9 .9 1 9 .0 1 4 .9 1 3 .6 13 .9 1 6 .8
1 2 33 50 7 .0 1 3 .4 1 3 .2 21 .5 25.9 16 .0 10 .0 1 0 .4 1 1 .4 14 .3
13 33 60 11 .1 19 .0 14.0 7 .6 23.8 1 4.0 1 4.8 1 6 .4 1 3 .3 14 .9
15 33 50 1 9 .9 1 0 .9 1 2.0 1 8 .6 16 .5 1 7 .5 2 0 .4 1 5 .8 1 7 .3 16 .5
16 33 80 25.8 1 1 .3 1 3 .4 1 6 .8 1 4 .3 21 .5 16.1 1 2 .8 1 9 .5 1 6 .8
17 23 110 1 2.0 1 5 .4  1 2 .9 1 7 .2  1 7 .8  22.3 1 7 .3  1 4 .7  1 6.1 1 6 .2
18 23 60 9 .5  1 6 .3  1 9 .9  1 8 .4  1 4 .6  1 4 .5  1 2 .5 1 1 .4  1 4.1 1 4 .6
19 23 65 1 3 . 2 1 2 .7  9.0 20 . 2 8 .0  1 2.9 1 3 .8  11 .9 1 2 .4  1 2.7
20 23 65 d e s t ro y e d  —
21 23 45 1 9 .3  26.1 16 .0  1 8 .0  11 .0 8 .5  1 3 .2  1 3 .2  1 0 .2  1 5.1
22 23 50 1 0 .6  9 .4  9 .8  11.1 1 5 .0  1 5 .9  1 1 .3  1 3 .5  1 5 .3  1 2 .4
23 17 55 6 .7 2 8 .4 6 .7 6 .2 8.0 1 3 .4 1 4 .5 11 .9 14 .3 1 2 .2
24 17 40 1 2 .5 8 .5 1 2.5 1 1 .2 10 .3 19 .0 1 6 .9 11.1 1 2.6 1 2 .7
25 17 50 1 8 .5 9 .9 1 8 .6 10.1 1 6 .2 1 0 . 4 1 5 .2 1 2.6 6 .9 1 3 .2
26 10 30 13.1 1 7 .0 16 .3 13.1 1 8 .2 9 .4 1 3 .5 7 .8 8 .3 13 .0
28 10 15 1 4.1 9 .5 1 4 .7 6 .6 9.1 8.1 1 4 .7 13 .3 6 .5 1 0 .7
29 10 45 11 .2 1 8 .5 1 7 .4 1 1 .4 1 0 .7 1 1 .4 8 .2 8 .3 8.3 1 1 .7
30 10 40 6 .6 1 3 .9 9 .6 1 4 .9 10 .0 1 3 .5 1 6 .4 1 3 .4 8 .0 12 .0
31 10 60 11 .7 1 4 .2 1 6 .7 8.1 1 5 .7 1 1 .8 9.3 9 .5 7 .5 ‘ 11 .6
32 10 30 7 .2 1 3 .9 1 2 .5 1 0 .6 1 5 .5 8 .7 5.8 6 .3 6.1 9.6
33 10 55 1 0 .9 1 1 .4 1 3 .2 8 .8 7 .8 1 2.6 8.3 10 .3 7 .2 10.1
34 10 50 6 .7 5 .8 3 .9 8 .4 8 .6 6 .5 6 .3 9.1 9.1 7 .2
35 10 50 9 .3 1 3 .3 1 4 .9 7.1 7 .6 7 .9 1 0 .9 6 .5 7.1 9 .4
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A. 2 OBERON GLADE -  DOWNSLOPE
no. o f  d i s t a n c e  depth(mm)
s l i d e  from from % voidage mean
post(cm ) s u r f a c e
1 35 35 1 9 .7 18 .0 1 8 .9 1 4 .4 18 .3 19 .7 9 .7 13 .3 1 2.2 16.0
2 35 75 3 2 .6 27 .4 27.7 11 .6 10.3 13 .8 1 0 .8 1 7 .7 15 .5 1 8 .6
3 35 85 20.5 23 .2 2 4 .4 9 .7 8.3 7 .0 1 1 .4 21 .4 1 1 .4 1 5 .2
4 35 60 31 .3 28.2 29.3 1 9 .7 16.1 1 9 .0 1 5 .2 19 .0 1 8 .8 21.8
5 35 40 1 7 .3 1 6 .2 2 6 .4 9.5 24 .4 1 2 .4 17.1 1 7 .6 15 .8 1 7 .4
8 35 55 24.8 20.7 3 0 .4 1 5 .6 15 .6 27 .2 1 8 .6 1 0 .5 1 9 .4 20.3
7 35 35 25.8 27 .2 24 .2 17 .0 13.1 21.2 9.8 13.1 1 8 .4 18 .9
8 35 30 23.9 22.2 20.0 1 4 .0 1 9 .2 20 .2 1 0 .4 1 1 .9 1 4 .8 1 7 .4
9 28 55 24.8 24 .2 2 5 .4 20.3 15 .3 1 5 .5 1 6 .4 1 2.8 8 .9 1 8 .2
10 28 15 23 .4 20.3 25.2 16.1 13 .3 1 5 .2 1 8 .2 1 8 .5 20.2 1 8 .9
11 28 35 2 3 .4 23.6 27 .4 21.8 24.5 25.7 18 .3 15 .5 15.1 21.7
1 2 28 10 1 6 .6 21 .9 16 .0 6.0 1 3 .2 13 .3 9.1 8 .6 1 2 .2 13.0
13 28 25 28.5 26.8 25.1 7 .9 6 .3 6 .5 1 5 .4 1 6 .8 20.6 17.1
14 28 30 28.0 23.7 1 1 .7 1 1 .2 5 .8 7 .4 1 4 .9 1 0 .6 8 .9 13 .6
15 28 60 20.9 1 9 .8 1 3 .7 8 .7 15.0 6 .9 12 .5 10 .3 11 .7 13.3
16 20.5 35 1 9 .9 1 7 .2 16.1 7 .8 1 0 .4 1 0 .6 1 3 .5 1 7 .5 1 6 .8 1 4 .4
17 20.5 30 15.1 23.2 28.1 8.1 7.1 6 .4 1 4.0 5.1 1 2.3 13.3
18 20.5 45 20.6 1 9 .4 1 9 .7 13 .0 9.6 9 .4 1 8 .7 13 .0 18 .0 1 5 .7
19 20.5 30 23.1 1 5 .8 1 3 .4 5 .9 9 .6 6 .2 15 .5 11.1 23.3 13 .8
20 20.5 30 24.0 1 9 .4 16.1 7 .3 4.9 3 .6 1 0 .2 12 .9 9 .7 12.0
21 20.5 20 1 5 .9 25.0 27.7 7 .0 5 .7 4.6 13 .0 1 0 .9 1 2 .7 13 .6
22 20.5 40 1 8 .7 1 2 .4 1 9 .2 6 .5 9.3 5 .2 1 5 .6 15 .8 6 .2 1 2.1
23 13 30 d e s t ro y e d —
24 13 30 1 9 .7 19 .3 1 6 .5 9.0 3 .5 7.1 6 .9 6 .6 9.6 10 .9
25 13 30 1 8 .7 27.1 21.1 9.0 5.0 6.1 1 5 .3 10 .3 10 .6 13 .7
26 13 50 1 9 .7 16 .9 14 .8 7 .5 6 .2 7 .0 1 0 .5 9.0 7.3 11.0
27 13 40 13 .0 27.9 26.6 12 .5 1 5 .6 14 .5 1 2.3 11 .0 11.0 16.0
28 13 50 21 .7 18.8 25.3 15 .5 17.0 1 5 .5 11 .3 6 .2 7 .2 1 5 .4
29 13 40 22.6 13 .8 20 .4 10 .8 7 .5 8 .4 13.1 6 .6 6 .4 12 .2
30 6 .5 75 1 7 .4 1 6 .7 22.1 10.1 8 .7 1 5 .2 9.3 1 4 .7 11.3 13 .9
31 6 .5 50 1 8 .4 19.0 13 .8 6 .7 8.3 13.0 1 1 .9 1 3 .9 1 2.9 13.1
32 6 .5 75 20.6 27.3 1 0 .2 6 .9 6 .5 1 2.9 4.0 9.5 16 .3 1 2.7
33 6 .5 50 22.0 20.2 1 7 .6 5.1 9 .7 3 .8 9 .2 11.1 13 .8 1 2.5
34 6 .5 30 1 8 .5 11 .5 28.0 6.3 7 .2 5.3 1 0 .7 11 .8 11 .3 12.3
35 6 .5 60 26.0 14.0 8.5 5 .0 13 .3 5 .2 5.5 1 1 .2 9 .2 10 .9
36 6 .5 50 26.9 16 .8 6 .7 9.0 8.1 1 0 .6 1 0 .2 13 .3 11.8 1 2.6
37 6 .5 75 20.5 1 0 .2 7 .7 10.1 1 2 .2 6 .2 7.1 8 .7 9.5 1 0 .2
38 6 .5 55 1 3 .7 1 1 .4 1 3 .2 7 .5 1 4.8 9 .6 11 .9 9.3 7.0 10 .9
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A . 3  t h u r s l e y  c o m m o n  -  w e s t
no. o f  d i s t a n c e  




s u r f a c e
%voidage mean
1 38 .5 2.5 21 .4 47.6 37 .3 23.3 1 9 .2 19.1 20.6 20.3 1 8 .5 25.3
2 38 .5 2 .5 2 3 .4 3 1 .6 3 4 .4 20 .5 1 6 .2 24.1 30 .3 24.2 25 .7 25.6
3 41 2.5 28.9 49.8 47 .6 1 8 .5 28.3 21.8 2 3 .2 27.5 24.1 30.0
4 32 .8 2 .5 1 8 .6 3 8 .4 3 5 .2 4 2 .4 23.7 25.6 23.0 26 .4 1 8 .4 28.0
5 32 2.5 30.0 41 .0 43.1 20.9 24.3 21 .2 2 4 .2 3 2 .4 2 2 .4 28.8
6 34 2 .5 31 .8 28.1 44.0 24.9 26.8 25.5 1 5 .2 1 5 .5 1 8 .3 25.6
7 3 5 .2 2.5 51 .1 32 .3 42.0 26.1 22.0 1 9 .4 22 .6 14 .8 1 8 .5 27.6
8 23.2 2 .5 35 .8 2 7 .4 40.7 20.8 23.0 23.1 28.9 29.6 16 .0 27.3
9 26.0 2 .5 1 7 .8 25.9 1 7 .3 23.3 1 9 .5 1 7 .2 1 4 .9 30.1 1 4.0 20.0
10 39 2.5 21 .1 3 6 .7 29.0 26.5 34 .6 28.2 3 5 .2 25.5 1 1 .5 27.6
11 25.5 2 .5 35 .6 29 .4 20.6 1 8 .4 20.0 1 9 .9 1 7 .3 13.0 18.1 21 .4
1 2 30 .5 2.5 25.2 1 9 . 4 17.1 16.1 1 6 .9 19.1 24 .2 1 2 .4  1 5 .5 1 8 .4
13 32 .8 2 .5 27.9 39.1 3 3 .4 2 0 .2 1 5 .8 1 2 .7 1 5 .4 20.1 22.5 23.0
1 4 27 .2 2 .5 30 .8 1 6 .4 44.3 2 3 .4  1 7 .7 1 4 .7 20 .2 13 .3 1 8 .5 22.2
15 22 2.5 28 .2 25.1 26.7 25.1 22.1 1 8 .7 23 .7 11.0 20.6 23.3
16 26 2.5 24.9 25.3 1 7 .3 24.6 1 6 .6 1 8 .6 22.0 25.9 1 8 .9 21 .6
17 29.3 2 .5 26.3 3 4 .7 3 7 .6 18 .8 24 .2 2 4 .4 21 .8 25.7 22.6 26.2
18 1 9 .8 2 .5 25.3 22.3 37 .3 37 .8 1 8 .9 27.1 1 9 .0 17 .0 22.5 25.2
20 9 .5 2.5 38 .6 42.5 1 9 .9 21 .2 1 8 .2 24.6 27.0 19 .3 20.8 25.8
21 1 .5 2 .5 33 .3 22.0 1 8 .0 21 .9 15.1 23.0 25.7 22.8 21.3 22.6
22 1 7 .6 2.5 27.6 25.1 44.3 3 2 .4 21 .9 26.3 1 8 .3 1 8 .6 20.1 26.1
23 25.5 2 .5 38.3 25 .2 1 3 .5 25.7 23.9 23.3 26.2 23.8 21 .4 24.6
24 1 8 .4 2 .5 27 .2 2 3 .4 3 4 .9 32.1 35.1 22.0 1 9 .3 30 .9 24 .6 27.7
25 21 .2 2 .5 30.0 23.6 24.7 1 9 .9 24.6 23.3 26.5 20.6 30.3 24.8
26 21 .5 2 .5 24.3 23.5 24.8 18.1 23.6 27.0 3 2 .7 1 4 .7 21 .9 2 3 .4
27 16 2.5 3 4 .0 30 .5 35 .0 3 3 .5 18.1 33 .8 20.9 26.1 20.8 28.1
28 16 2.5 31 .8 1 5 .3 3 4 .6 20.2 32 .3 22.2 29.7 2 4 .4  1 7 .8 2 5 .4
29 13 2.5 23.7 24.6 27.3 3 5 .7 3 6 .7 27.3 2 2 .4 20.0 23.9 26.8
30 1 4 2 .5 3 5 .7 33 .6 1 4 .7 3 0 .2 33 .5 21 .4 20.6 17 .0 28.7 26.2
31 1 3 .5 2 .5 3 3 .5 26.1 36 .8 36 .9 2 7 .4 44.3 1 9 .7 32.3 26.5 31 .5
32 9.5 2.5 20 .2 33 .6 19 .0 26.8 30 .9 28.3 24.0 27.5 25.1 26.2
33 2.5 2.5 32 .8 3 0 .9 22.1 27.8 3 1 .2 22.9 21 .3 22.0 25.6 26.3
34 8 .8 2 .5 1 7 .9 2 9 .2 31 .5 35 .6 40.7 30.1 28.5 23.0 23.6 28.8
35 2 .5 2 .5 19 .0 37 .9 28.1 37.0 45.1 27.5 22.7 22.8 20.6 28.9
36 8.8 2 .5 41.9 46.5 26.8 22.5 42.6 35.3 22.1 22.2 26.9 31 .9
37 1 2.8 2 .5 41 .8 3 4 .8 24.9 18.1 27.5 21 .0 18.1 24.1 23.0 25.9
38 1 4 2 .5 38 .3 1 9 .5 3 6 .4 27.3 3 0 .2  1 6 .7 19 .8 17.1 23.8 25.5
39 2 .5 2.5 33.3 22.9 2 0 .2 44.0 3 2 .4 21 .9 29.0 20.2 26.6 27.8
40 2 .5 2 .5 1 9 .3 25.1 42 .4 33 .6 37.1 1 9 .4 2 9 .4 20.7 49.7 30 .7
41 2.5 2 .5 32 .9 3 4 .4 18.1 31.1 1 5 .2 28.7 32.3 28.6 28.0 27.7
42 8 .5 2.5 3 8 .5 32.3 1 9 .7 32.1 27.1 18 .3 18.1 26.2 1 1 .8 24.9
43 12.B 2.5 31.1 28 .4 26.6 30 .7 41 .8 3 4 .6 23.0 1 5 .6 30 .9 29 .2
44 8 2.5 44.1 28.8 24.1 36.0 31.0 23.1 18 .3 21.8 25.0 28.0
45 8 2.5 24.7 23.6 23.0 29.4 28.5 30.1 1 8 .7 25.0 21 .2 24.9
46 2.5 2.5 37 .0 48.3 3 7 .4 34.0 27.7 38.0 1 8 .4  1 8 .5 20.3 31.1
47 2.5 2.5 27.3 22.2 32 .6 24.3 24.5 26.8 15.1 23.2 1 7 .4 23.7
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A .4  t h u r s l e y  c o m m o n  -  E A S T
no. of 
s l i d e
7






s u r f a c e
64 24 .4 21 .2 18.0
% voidage 
2 7 .4  1 3 .6  25.3 28.9 23.1 20.2
mean
22.5
8 44 72 25.2 22.3 30.0 21 .1 18 .3 23.9 34.1 20.1 1 7 .2 23.6
9 44 96 28.6 3 5 .4 19 .6 3 2 .7 18.1 1 2 .7 27.0 24.0 16 .0 23.8
10 44 40 27.0 22 .8 28.3 29 .2 3 5 .4 33.1 29.9 25.6 26.9 28.7
11 44 40 20.7 22 .6 30.1 20.9 32.3 42.6 23.3 28.3 3 4 .2 28.3
1 2 36 80 26 .2 3 8 .3 22.7 23.3 1 8 .4 25.8 24.3 1 8 .8 22.0 24.4
13 36 80 20.8 27 .6 22.7 1 3 .6 26.2 23.7 27.6 27.3 23.3 23.6
14 36 104 28.1 22 .9 3 9 .7 18 .5 1 7 .2 25.3 21 .4 1 5 .7 14 .5 22.6
15 36 40 3 5 .7 3 6 .5 41.3 21 .0 26 .4 1 8 .7 21 .7 21.8 21.2 27.1
16 36 40 3 3 .2 2 6 .2 25.5 28.5 29.9 23.3 15 .5 22.3 1 7 .7 24.7
17 29.5 64 25.5 3 3 .4 26.0 23.9 9 .5 1 8 .6 27.9 20.9 1 5 .5 22.3
18 29.5 88 30.3 24.8 36 .8 21 .9 21 .7 22.1 15 .0 24.7 22.2 24.4
19 29.5 48 21 .7 27 .5 27.1 19.1 27.7 22.9 20.6 14.1 1 8 .7 22.2
20 29.5 152 25.3 21 .4 29.9 22.9 1 7 .5 25.2 3 4 .4 1 3 .2 23.1 23.7
21 29.5 64 • 1 8 . 4 24.1 32.0 1 6 .7 20.6 22.5 1 8 .3 1 6 .4 1 8 .2 20.8
22 29.5 56 21.9 23.3 26.5 15 .3 29.2 24.3 18 .5 21.6 19 .0 22.2
23 29.5 56 17.1 28 .7 20.7 28.8 23.3 25.3 22.9 28.8 33 .3 25 .4
24 20 88 22.7 3 1 .6 21 .1 1 7 .6 30.9 3 1 .5 1 6 .8 25.1 1 8 .9 24.9
25 20 72 24.9 25 .5 31 .7 26 .4 39 .5 3 3 .6 23.8 31.8 18 .3 28 .4
26 20 48 20.6 3 0 .8 36 .0 33 .6 30.5 35 .6 18.1 28.7 20.6 28.3
27 20 48 36.0 3 1 .9 28.1 27.1 30.1 27.3 30 .8 27 .2 32 .9 30 .2
28 1 4 .5 72 30.0 20.5 28.3 1 9 .8 3 7 .2 30 .8 1 9 .4 16 .3 10 .3 23.6
29 1 4 .5 72 28.5 26 .7 25.7 28.6 39.5 24.1 1 7 .5 2 3 .4 24.6 26.5
30 1 4 .5 72 d e s t ro y e d —
31 1 4 .5 32 20.5 28.1 26.1 26.9 21.8 20.1 1 8 .2 16 .3 24.3 22.5
32 1 4 .5 40 1 4.6 29 .2 1 4 .7 40.3 20.4 18 .3 25.5 1 7 .4 28.1 23.2
33 1 4 .5 48 26.6 3 9 .4 25.7 20.9 25.7 2 3 .4 2 5 .4 21.0 1 7 .2 25.0
34 1 4 .5 48 1 7 .5 3 4 .2 29 .2 27.1 31 .9 21 .7 15 .6 23.2 18 .5 24.3
35 6 48 20.1 27.6 11 .8 21 .5 28.0 36 .3 1 9 .4 1 4.6 36 .7 24.0
36 6 48 30 .7 35 .6 36 .6 31.0 39 .7 33 .8 20.7 25.1 15 .5 29.9
37 6 48 34 .9 31 .8 26.8 26.6 38.1 33 .8 22.5 1 8 .8 15 .5 27.6
38 6 48 26.5 20.3 24.0 24.9 25 .4 1 8 .8 1 7 .9 23 .4 15 .6 21 .9
39 6 48 2 2 .4 22.5 19.1 3 6 .6 25.5 2 2 .4 13 .9 1 7 .3 30.3 23.3
40 6 112 1 7 .4 23.1 16 .3 20.8 21 .5 1 1 .8 1 7 .7 15 .3 1 4 .4 17 .6
41 6 112 1 5 .3 23.5 24.7 23.0 1 8 .7 22 .4 18 .5 12 .6 18 .3 19 .7
42 6 112 1 6 .0 1 7 .5 2 2 .4 9 .2 33 .5 3 3 .6 36.9 23 .4 20.1 23.6
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A p p e n d i x  B -  c a l c u l a t i o n s
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B.1 To Determine Sample S ize
No. o f  s l i d e  dep th  no. of n e g a t iv e s
TC r i g h t  27 48mm 36
% voi dage
37 .2 39 .9 35 .9 37.1
3 8 .2 34 .2 41 .0 40.1
41 .8 39 .9 3 7 .6 37 .3
3 4 .2 53 .7 53.7 46.0
42.7 3 8 .4 3 7 .0 41 .9
44 .2 3 3 .4 50.1 38.1
36 .9 33 .6 4 5 .4 42.6
44.6 41 .9 45.0 38 .5
3 6 .2 4 6 .4 40 .7 39.0
To e s t im a te  r e q u i r e d  sample s i z e
sample (n) = t n - i ;  o / 2  x s
s i z e
where N (no. o f  o b s e r v a t io n s  in  p i l o t  s tu d y )  = 36
X (mean o f  th e  o b s e r v a t io n s )  = 40.67
s  ( s ta n d a r d  d e v i a t i o n  o f  o b s e r v a t io n s )  = 5 .00
e (maximum t o l e r a b l e  sam pling e r r o r )  = 4 .07
t ( s tu d e n t  t  v a lu e )  = 2.00
n = 6 ,  df = 5 ,  now t  = 2 .57
n = 1 0 ,  d f  = 9, now t  = 2 .26
n = 8, df = 7 ,  now t  = 2 .37
n = 9, d f  = 8, now t  = 2.31
2 .00  X  5.00
4 .07
2 .57 X  5.00
4.07
2.26 X  5.00
4.07








= 8 .0 5
The r e q u i r e d  sample s i z e  i s  t h e r e f o r e  between e i g h t  to  n in e .  I t  was to  take 
n in e  photographs of  each th in  s e c t i o n .
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B.2 V a l i d a t i o n  of D ig i t i z e d  R e s u l t s
d ig i  t i z e d p o in t  coun ts d ig i  t i z e d p o in t  counts
(Y) [X) (Y) (X)
1 1 8 .0 18.1 21 21.8 1 9 .6
2 7 .0 1 0 .2 22 1 9 .2 21.1
3 1 8 .2 1 9 .6 23 19.1 20.1
4 6 .5 9 .8 24 1 6 .2 1 5 .2
5 1 8 .6 1 9 .6 25 26.5 26.5
6 21 .2 21 .1 26 23.6 24.0
7 1 4 .8 1 3 .2 27 25.0 25.0
8 1 6 .4 1 4 .2 28 1 7 .2 1 6 .7
9 1 3 .3 1 4 .2 29 3 2 .7 3 2 .4
10 28.3 26.5 30 1 8 .9 1 8 .6
11 6 .2 8 .0 31 30.3 3 0 .9
1 2 9 .7 1 0 .3 32 2 2 .4 20.1
13 1 3 .3 1 4 .2 33 1 3 .6 1 3 .2
1 4 1 0 .6 11 .7 34 24.3 24.5
15 9 .6 8 .8 35 18 .6 19.1
16 1 0 .2 9 .8 36 1 7 .3 18.1
17 2 0 .4 20.1 37 23.3 24.5
18 1 5 .7 1 5 .2 38 22.3 20.6
19 3 4 .7 3 4 .3 39 1 2 .2 1 2.3
20 3 5 .2 3 4 .8 40 1 8 .8 18.1
41 7 .3 6 .9
To c a l c u l a t e  th e  d e g re e  o f  c o r r e l a t i o n  ( r j  between X and Y :
N^XY -  ( S X ) . ( ^ Y )
/  [ N ^ X 2  -  ( ^ X ) 2 ]  .  [ n ^ y 2  -  [ ^ Y ) 2 ]
where ^  X = 761 .20
2 X 2  = 16144.80
2  Y = 758 .30
2  y 2  = 16234.71
2XY = 1 6 1 5 3 .6 5  
N = 41 .00
r  =
( 41 X  16153.65  ) -  ( 761.20 X  758.30 )
>^(41 X  16144.80 -  761 .202]  x  (41 x  16234.71 -  758.302)
r = 0 .9 8
t e s t i n g  th e  s i g n i f i c a n c e  o f  r  u s in g  : N -  2
(1 -  r2) 
t  = 30 .76
df  = N-2, t w o - t a i l e d  t e s t  a t  th e  99.9% l e v e l ,  c r i t i c a l  t  v a lue  = 3 . 5 5 .
The c a l c u l a t e d  v a lu e  (3 0 .7 6 )  i s  f a r  g r e a t e r  than th e  c r i t i c a l  va lue  ( 3 .5 5 ) .  
T h e r e f o r e ,  i t  can be s a id  t h a t  th e  p o s i t i v e  c o r r e l a t i o n  between th e  d i g i t i z e d  
and p o in t  co u n t  r e s u l t s  i s  h ig h ly  s i g n i f i c a n t  and th e r e  i s  no s i g n i f i c a n t  
d i f f e r e n c e  between th e  m ethods .
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B.3 % Voidage R e s u l t s  from Four C on tro l  S e c t io n s
Al I fou r  samples were taken a t  a c o n s t a n t  depth  of 30 mi l l i m e t r e s ,  a t l e a s t  '
c e n t im e t r e s  a p a r t  and on a f l a t  s i t e  away from th e in f lu e n c e of p o s t s . Using
a Kruskal-Wal l i s ( a n a l y s i s  o f  v a r ia n c e  by rank ing ) to  se e  :
Ho : a l l th e  median s c o re s  a r e  equal
HI : a t l e a s t  two of th e  median s c o re s  a r e unequal
The o b s e r v a t io n s a r e  ranked by a s s ig n in g rank 1 to th e  low es t , rank 2 to  th e
n e x t  low es t  and so on.
% R % R % R % R
1 4 .2 1 8 .5 9.1 2 1 2.6 9 1 2 .9 1 1 .5
1 7 .5 3 22.3 3 16.1 26 1 5 .9 25
1 1 .2 22 2 2 .4 36 1 7 .9 32 1 2.1 7
1 5 .2 13 1 1 .3 4 1 2 .2 8 1 7 .3 29
1 4 .9 30 1 1 .8 5 .5 1 3 .7 1 4 .5 1 4 .5 21
1 4 .8 24 1 4 .2 1 8 .5 18 .3 34 14 .3 20
1 1 .8 5 .5 1 3 .8 16 1 7 .9 32 8 .9 1
1 3 .2 23 1 6 .3 27 1 6 .6 28 14.0 17
1 3 .7 1 4 .5 1 2.9 11 .5 1 2.8 10 1 7 .9 32






-  3 (N+1)
H = 12 / 1 5 3 . 5^  + 1 5 5 .5 ^  + 1 9 3 . 5 2  + 163.5^
X I  -------------------------------------------------------  I-  (3 X  37)
36 X  37
H = 1 .0 3
df = (4M ) = 3 ,  o n e - t a i l e d  t e s t  a t  th e  95% l e v e l , H v a lu es  fo llow  the^X* 
d i s t r i b u t i o n  when th e r e  i s  more than t h r e e  c a t e g o r i e s  to  compare and a t  l e a s t  
f i v e  o b s e r v a t io n s  w i th in  each c a te g o r y .  C r i t i c a l  H va lue  i s  7 .8 .
The c a l c u l a t e d  H v a lu e  (1 .03 )  i s  l e s s  than th e  c r i t i c a l  H v a lu e .  T h e re fo re ,
Ho can be a c c e p te d ,  t h a t  i s  a l l  th e  median s c o re s  above a re  equal and t h e r e  i s  
no s i g n i f i c a n t  d i f f e r e n c e  between th e  sam p les .
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Appendix  C -  C o n t i n u o u s  s o u r c e  s o l u t i o n s
The f o l l o w i n g  e q u a t i o n  i s  a n  e x p r e s s i o n  o f  t h e  s t e a d y  
s t a t e  d i s t r i b u t i o n  of  c o n c e n t r a t i o n  of  m a t e r i a l  a b o u t  a c y l i n d i c a l  
b a r r i e r  ( C u l l i n g ,  1983 , p . 215)  : -
Ur cos  0 
2D
Vq +  Vq  IJ c o s  0  e  
D
oc fe) fe)
cos  n 0
fiL Kn+1 I 'M  _ h K /Ua \ _  K.-l W
t,4D \ 2 dJ \ 2 d J  4D \  2dJ
Where,  ( o = 1 ,  ( n = 2 ,  n > 1
h = (U /  2D)cos  0
Vq = i n i t i a l  c o n c e n t r a t i o n  ( r  = a)
U = u n i f o r m  d r i f t  v e l o c i t y  i n  t h e  d i r e c t i o n  o f  t h e
n e g a t i v e  x -  a x i s  (down s l o p e )
D = d i f f u s i o n  c o n s t a n t
a = r a d i u s  o f  c i r c u l a r  boundary
r  = d i s t a n c e  from t h e  c i r c u l a r  boundary
The f u l l  d e r i v a t i o n  o f  t h i s  can  be found  i n  C u l l i n g  (1983 ,  a p p e n d ix  1) 
He a l s o  p o i n t s  ou t  t h a t  t h e  e q u a t i o n  i s  n o t  a s  c o m p l i c a t e d  a s  i t  
l o o k s .  I t  i s  o f  F o u r i e r  -  B e s s e l  form : -
Kq ^ U r^  cos  n 0
and  s t r o n g l y  c o n v e r g e n t ,  b e i n g  d o m in a te d  by t h e  f i r s t  t e r m .  The 
m o d i f i e d  K- type  B e s s e l  f u n c t i o n s  a r e  s t r o n g l y  " c o n c a v e - t o - t h e - s k y " 
and  a r e  r a d i a l l y  d i s p o s e d  a b o u t  t h e  c i r c l e  of  t h e  b a r r i e r .
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Appendix  D -  G r a in  s i z e  a n a l y s i s
Method
1 Weigh 20 g .  a i r  dry s o i l  i n t o  1000 ml. b e a k e r .  Add 100 m l . of 6 %
HjOj.  S te am ba th  f o r  45 rains .
2 Add 150 ml.  t a n  w a t e r  and b o i l  f o r  5 min.
3 Add 25 m l.  2N HCl and make up t o  250 ml.  w i t h  t a p  w a t e r .  B o i l
f o r  5 min .  s t i r r i n g  r e g u l a r l y .
4 Add d e - i o n i z e d  w a t e r  t o  1000 ml.  Leave t o  s t a n d  o v e r  n i g h t .
5 Syphon t o  2 cm. d e p t h .
6 A d j u s t  s o l u t i o n  t o  pH 4 . 0  wth known volume of Na^CO^ ,
7 Add 25 m l.  d i s p e r s a n t  ( (NaPO«) < a n d N a „ C O - ) .  Add d e - i o n i z e d  w a t e r
t o  400 m l . ------------------------ ---------------- -----------------
8 B r ing  t o  t h e  b o i l ,  s t i r r i n g  r e g u l a r l y ,  f o r  5 min .  P l a c e  b e a k e r  
im m e d i a t e l y  i n t o  c o l d  w a t e r .
9 T r a n s f e r  s o l u t i o n  t o  1 l i t r e  c y l i n d e r  ( w i t h  s t o p p e r )  a n d  make up
t o  1000 m l.  Shake t h e  c y l i n d e r  f o r  60 seconds  t h e n  p i p e t t e  20 ml.
s am ples  i n t o  p r e - w e i g h e d  50 ml.  f l a s k s  a s  f o l l o w s  :





d e p th  1 min 2 8 s e c s
7 min 10 s e c s  
52 min 
3 h r s  32 min 
14 h r s  19 min 4 8  sec
The > 53ynm f r a c t i o n  o f  s and  i s  c o l l e c t e d  by w a s h in g  r e s i d u e  
t h ro u g h  a  5 3 ynm mesh s i e v e ,  t h e n  d ry  and w e i g h .  The 20 m l .  samples  
a r e  d r i e d  i n  t h e  f l a s k s  and  r e - w e i g h e d .  Care must  be t a k e n  t o  
s u b t r a c t  t h e  w e i g h t  due t o  t h e  d i s p e r s a n t  and  Na^CO^ .
R e s u l t s
The U .S .D .A .  t r i a n g l e  was u s e d  t o  c l a s s i f y  t h e  r e s u l t s  on  t h e i r  
t e x t u r a l  c h a r a c t e r i s t i c s .  They were  a s  f o l l o w s  :
Sand > 53 pnxa.
S i l t  53 pnm -  2 pnm 
Clay < 1 pnm
T h u r s l e y Oberon
Common Glade
9 4 .4  % 50 .3  %
1.1  % 3 9 .6  %
1 .9  % 9 .0  %
(SAND) (SANDY LOAM)
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Append ix  -  E
C o p y r i g h t :  The c o p y r i g h t  f o r  t h e  v a r i o u s  i t e m s  of  s o f t w a r e  r e s i d e s  i n
J o h n  G i l b e r t  (ULCC) (DIMFILM).
A d r i a n  C la rk e  (QEC) (VAX DIMFILM i m p l e m e n t a t i o n ,  DISPLOT) 
P h i l i p  T a y l o r  ( B e d f o r d )  (SURFIT, PL0T3D, OVERLAY)
Ref e r e n c e s  
DIMFILM: A g e n e r a l - p u r p o s e  g r a p h i c s  l i b r a r y ,  w r i t t e n  by John  
G i l b e r t  a t  t h e  U n i v e r s i t y  of London Computer  C e n t r e .
The VAX i m p l e m e n t a t i o n  was p e r f o r m e d  by N ig e l  A rno t  and 
A d r i a n  C l a r k e  of  Queen E l i z a b e t h  C o l l e g e .  The VAX 
i m p l e m e n t a t i o n  i n c l u d e s  3 - d i m e n s i o n a l  s u r f a c e  d rawing  
r o u t i n e s ,  S RFA CE and SURFACE, b a s e d  on r o u t i n e s  w r i t t e n  





















REPLACES K.S.+G. ALGORITHM CALLED SOLIDS AT 
NCAR. WRITTEN DECEMBER 1971 ,  STANDARDIZED 
JANUARY 1973.
PREPARED FOR SIGGRAPH, AUGUST 1976 .
HIGHEST SO FAR IS VISIBLE FROM ABOVE. (SEE 
REFERENCE.)
WRIGHT, T . J . ,  A TWO SPACE SOLUTION TO THE 
HIDDEN LINE PROBLEM FOR PLOTTING A FUNCTION 
OF TWO VARIABLES. IEEE TRANS. COMP. ,
PP 2 8 - 3 3 ,  JANUARY 197 3.
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Appendix - F
Computer Program used to Analyse the Black and White Photographs
i PPL L i b r a r y  -  a v a i l a b l e  f u n c t i o n s :  HELP, START, RANGE, AREA
SOILAC, 7 ,3 , 8 4 ,  SOILAD, 6 ,6 .8 4 ,  }
genea logy :
EHISTC, X X , 11,83,
HELP: WRITE
C a l l i n g  r o u t i n e s :  HELP, START, RANGE., FRAME, VIEW, AREA ' ) '  
RETURN;
v i e w : DO IN :=  o o d  r e t u r n ;




WRITE * ( '  Borders  -  L e f t ,  R ig h t  
WRITE * ( '  Borders  -  T o p ,  Bottom 
WRITE LEFT, RIGHT, TOP, BOTTOM; 
XMiN:= l e f t ;  xmax:= i 2 ? - r i g h t ;  
ymin :=  to p ;  ymax:= 127 -b o t to m ;  
[ [  IF X<XMIN ! X>XMAX !Y<YMIN !
? READ LEFT, RIGHT;
? READ TOP, bottom;
Y>YMAX THEN P0:= 0 FI  ] ]  RETURN;
WRITE ' ( '  AREA THRESHOLD 
AA:= o; AB:= o; ac :=  o ;
[ [  IF POAREATH THEN AA:= AA+1
IF P0>AREATH-4 THEN AB:= AB+1

















ret ur n ;








a c d : =
AREA = ' ,  415)  
Percen tages =
( '  ' ,  15,
( '  15,
S  15,
( '  ( e r r o r  *0,1%)
( '  Which P i c t u r e  ?
CORR:= ATMOD/2; 
AAP*ATMOD; aa q :=
ABPfATMOD; a b q :=
ACP*ATMOD; acq := 








' ) • 







A c o ;
a a q ;
ab q ;
PICTUR: PO return ; -C to  use on any o th e r  p i c t u r e  change here
START:
go :
0 i n p u t ;
RGB256C2D:=0; RGB256:="100000!255 ;
o u t := o ; n t h : = i o o ;
CC RGB256[1] ;=Y*256!X;  RGB256:=P0 D i ;
[ [  FOR YY FROM 130 TO 136 DO FOR XX FROM 0 
RGB256[11:=YY*256!XX; RGB256:=XX OD OD; 
PGO; WRITE ’ ( '  I n i t i a l  t h r e s h o l d  = ' , 1 3 ) '
DO
s e t : = true ;
IF JSTICK*43 THEN
TO 255 DO 
EXIT ] ] ;




























' ( ' Th resho ld  = 
JSTICK*48 DO SKIP
< s tep  s i z e  > 
{  in c re a s e  > 
•C decrease > 
{  p r i n t  va lue  
, 1 3 ) ' ,  t h ;
OD
CC vvv :=255 ;
TO 2 DO FOR YY FROM 138 TO 148 DO 
RGB256C1]:=YY*256!TH; RGB256:=VVV OD; 
RGB256C l] :=139*256 !TH- i ;  RGB256:=VVV;
RGB256:=VVV; RGB256C11:= 14 0*256 ITH-2;
RGB256C1]:=14 0 *25 6 ITH+2; RGB256:=VVV;
MDC512C1]:=THfTH+TH+TH;
FOR I FROM 0 TO 90 DO MDC512C2D! = I ; MDC512:=255-VVV
vvv;=o; tm :=n th  o d ;
E X I T  ] ] ;
CC RGP256Cn;=Y*256IXI12S; RGB256:=(P0>TH)&255 ] ]
ret urn ;
CC QO:=PO > TH ] ]
return ;
RGB256C n: =139*2561 TH+i; 
RGB256:=VVV;
od ;
by Dr. E.R. Davies
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Append ix  G -  A d d r e s s e s
1.  C r y s t i c  r e s i n  (17449)  
C a t a l y s t  Q (17447)  
A c c e l e r a t o r  (17448)
B & K R e s i n s ,
U n i t  2 ,
A shgrove  E s t a t e ,
Ash g ro v e  Road,
Bromley.  Kent .  BRI 4TH,
Tel  no : 01-464 77 34 /5
2 .  U v i t e x  OB
( f l u o r e s c e n t  dye)
D y e s t u f f s  & Chemical  D i v i s i o n ,  
CIBA-GEIGY (ADR) Company, 
C l a y t o n ,
M a n c h e s t e r .  Mil 4AR.
Tel  no : 061-223 1341
3 . Epof i x V i c k e r s  I n s t r u m e n t s ,  
Haxby Road,
York.  Y03 7DS.
Tel  no : 0904 24112
4 .  Xlon boxes  (XT1783) 
100 X  100 X  65 m m
S c i e n t i f i c  S u p p l i e s  Co. L t d . ,  
S c i e n t i f i c  House ,
Vine H I .  ,
London.  E C l .
Tel  no : 01-27 8 8241
5 .  V i n y l  a e r o s o l  sp ray F i s o n s  S c i e n t i f i c  A p p a r a t u s ,  
Loughborough ,
L e i c s .
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Appendix H - black and white photographs
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